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The Rutland area, in the Green Mountains of Central
Vermont is underlain by a pre-Cambrian basement complex and
flanking Cambro-Ordovidian sequences arranged in the form of
an anticlinorium. All of the rocks of the area show the
effects of low grade metamorphism, and the pre-Cambrian base-
ment in addition has undergone an earlier somewhat higher grade
metamorphism.
Structurally the rocks have the form of a gently north-
plungingantielinorium and subsidiary anticline which are over-
turned to the west. Cambro-Ordovician primary structures and
secondary rotational features are for the most part consistent
with this pattern. Structural complications are abundant on
the overturned west limbs of these major folds and include
irregular fold plunge, thrust and normal faulting and locally
more than one generation of folds. The overall structure points
to the operation of a couple, with eastern rocks moving westward
over western rocks. The important episodes of deformation and
metamorphism probably occurred during the Middle Ordovician, and
during the Taconic orogeny.
The basement complex consists of a central zone which
may preserve intact earlier oblique pre-Cambrian trends, and
a complicated thin marginal zone in which basement and flanking
rocks have interacted during Paleozoic deformation. Structures
of basement and mantle in the marginal zone indicate on the one
hand that younger units may have locally developed trends parallel-
ing older banding; and on the other that basement structures have
been bent or dragged into near-cpnformity with the mantle. Major
faulting appears to have been unimportant as a means of adjust-
ment of the basement. No fault was found with appropriate
geometry to have acted as a root zone for overthrust Taconic
Masses to the west of the area.
Minor structural features of the Cambro-Ordovician rocks
are in a general way compatible with the major structure. This
is shown by the agreement of rotational features (folds and
rotated grains) with the mechanical requirements of larger scale
flexural folding, and in linear features (mineral lineation and
elongation, pebble elongation, boudinage, and intersections of
planar features) by agreement either with the regional axis of
folding or with the presumed direction of overall tectonic trans-
port.
Compositional banding and principal rock foliation
consistently parallel bedding. Slip cleavage is developed
in micaceous rock types as a consequence of and during
advanced stages of flexural slip parallel to foliation surfaces.
Rotation and shear parallel to foliation is expressed by in-
ternal spirals in albite and by external quartz overgrowth on
albite, magnetite and pyrite. Crinkles, folds and the inter-
sections of foliation with fracture and slip cleavage are
lineation which is parallel to the direction of regional fold
axes. Quartz pod and pebble elongation, streaming, crenulation
and rare folds are lineation subnormal to regional fold axes.
Divergence from perpendicularity of these assumed contemporane-
ous lineation systems is explainable by examining the formation
of doubly plunging folds, Pebbles are elongate in foliation
surfaces, and apparently reflect flattening normal to foliation.
Y-fabric, polygonal arches of mica and relicts of lenticular
and augen structure reflect widespread post-deformational re-
crystallization or annealing in the younger rocks.
Although flexural folding broadly characterizes the
deformation it can be resolved in sitaller scale to mechanical
processes of shearing and flattening and to recrystallization.
Folds, streaming, folded porphyroblasts and grain orientation
in certain folded limestone attest to shearing parallel to
bedding planes. Shearing was probably most important for
thinly laminated and micaceous rocks. Boudinage, stretched
pebbles and corresponding grain orientation of dolomite and
quartz suggest flattening for massive, relatively resistant
beds. Load recrystallization is tentatively suggested as
having been important for the development of widespread white
mica lattice orientation, and for an equally common fabric in
deformed dolomite.
Thesis Supervisor Harold W. Fairbairn
Title: Associate Professor of Geology
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INTRODUCTION
Location
The Rutland area covers about 230 square miles and
includes the Rutland quadrangle (latitude 43030' to 430451,
longitude 72045' to 730001) and portions of the Castleton,
Wallingford and Woodstock quadrangles of the United States
Geological Survey. The area is in central Vermont and ex-
tends from the marble quarries of West Rutland east over the
main arch of the Green Mountains to the vicinity of Sherburne
and Plymouth.
Regional Geologic Setting
The southern and central Green Mountains of Vermont
are underlain by deformed and metamorphosed sedimentary
extrusive and plutonic igneous rocks ranging in age from
pre-Cambrian to Ordovician. A central anticlinorium, a
western synclinorium with thrust sheets and an eastern homo-
cline are the major structural units. Prevailing structural
trends are north-south and folds are generally overturned to
the west. Metamorphism increases toward the east rather
gradually from a low grade in and to the west of the anti-
clinorium to middle grade through the homocline. These general
features of the section across central Vermont are markedly
similar to those of sections to the north and south. Thus the
crystalline pre-Cambrian core of the Green Mountains is
11
matched within the Sutton Mountain of Quebec, the Berkshires
of Massachusetts and the Blue Ridge of the southern Appala-
chians. Carbonate rocks and quartzites of the western limb
of the Green Mountain anticlinorium appear with remarkable
persistence from Quebec to Georgia. Finally, certain features
within the highly metamorphosed southern Appalachian Piedmont
suggest contemporaneity with the eastern band of metamorphic
rocks of Vermont and Massachusetts.
At least three and possibly four Paleozoic distur-
bances have affected these rocks. One has occurred in mid-
Ordovician and one at the close of the Ordovician; both
Acadian (late Devonian) and Appalachian deformations have
also left their imprint, but to an unknown degree.
In Vermont the western sequence of autochthonous
rocks consists of slightly metamorphosed limestone, dolomite
and sandstone exposed in a synclinorium. The two limbs of the
synclinorium rest unconformably upon the pre-Cambrian; the
lowest member of the west limb is the Upper Cambrian Potsdam
sandstone and that of the east limb is the Lower Cambrian
Mendon formation. Fossils found throughout many of the units
indicate a fairly complete section (exceptizgthe Middle
Cambrian) up to rocks of mid-Ordovician age. A large klippe
reported within the southern portion of the synclinorium. also
contains rocks of Cambrian to Ordovician age. These latter
rocks, however, are not of the same lithology as the autoch-
thonous units but are predominantly slates. It has been
~IU inNPUS
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suggested that their source was many miles to the east, in
the central parts of the geosyncline far from the marginal
facies upon which they have been thrust. The klippe under-
lies the Taconic Mountains and areas to the west in southern
Vermont and western Massachusetts.
The pre-Cambrian rocks of the Green Mountain anti-
clinorium are similar to those within the Pre-Cambrian of
the Adirondacks to the west. Paleozoic sedimentary rocks
of the anticlinorium rest unconformably upon the pre-Cambrian
in a large fold overturned to the west. The anticlinorium
plunges gently northward in central Vermont and the northern
limits of exposure of the pre-Cambrian rocks are complicated
where long slivers of infolded younger rocks appear. The
western limits of the pre-Cambrian rocks in the west limb
of the anticlinorium are also rather complex for minor folding
is irregular and faulting is common. The rocks of the Green
Mountain anticlinorium show the effects of a low grade of
metamorphism. The pre-Cambrian rocks in addition may have
passed through an earlier and more intense stage of metamor-
phism.
The eastern sequence is, broadly speaking, a homocline
in which rocks dip rather uniformly east off the core of the
Green Mountain anticlinorium. Most of the rocks of the eastern
sequence were originally argillaceous, but also included are
volcanic rocks or their derivatives, sandstone and shaly lime-
stone. The grade of metamorphism increases across this zone
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from the west where biotite occurs, to the east where diopside,
staurolite and kyanite are fairly common. As would be expected,
the age of the metamorphic rocks of the eastern sequence is
uncertain, although a few poor fossils found throughout the
length of the state indicate probably Middle Ordovician age
and older.
The area of the present study is centered on the Green
Mountain anticlinorium and includes several units of Cambro-
Ordovician age and older.
The current major problems in Vermont geology concern
the stratigraphy and structural setting of the Taconic Range,
and the correlation of Paleozoic strata on the east flank of
the Green Mountain anticlinorium with those on the west flank.
Purpose of Study
The primary purpose of this study was a detailed
investigation of the structural features of a fold belt and
the examination, interpretation and correlation of structural
features from the scale of major folding to that of mineral
orientation.
The structural geologic setting of the Rutland area
posed many intriguing problems. Among these was the clarifi-
cation of the broader structural and stratigraphic relations
within the pre-Cambrian core rocks of the Green Mountain anti-
clinorium which might lead to generally significant formulation
of the interaction of crystalline and mantling rocks during
mountain building.
Deformation is clearly recorded as a great variety of
small scale structural features. From field study of these
features it was hoped to establish a tectonic framework from
which petrofabric analysis could be applied to gain a clearer
understanding of the mechanics of deformation, The study of
mica orientation, and deformed pebbles and carbonate beds,
while exploratory in nature, appeared to be most fruitful.
Method of Study
About ten months of summer field work were carried
out during 1950, 1951 and 1952. Petrographic studies and
preparation of manuscript occupied a major portion of the
winter season 1951-52 and the entire winter 1952-53.
Structural geologic studies consisted of (1) field
examination, (2) thin section study and (3) study of grain
orientation. Field examination included measurement and
plotting of planar and linear structural elements. This
was followed by examination of thin sections of oriented
samples of deformed rock, and finally by statistical study
of quartz, dolomite, calcite and sericite grain orientation.
The method of petrofabric analysis in general follows the
procedure outlined by Fairbairn (1949, p. 241-292) and is
described in the Appendix. Verification of the optical
patterns of grain orientation was made in a few cases by
X-ray spectrometer study by Mr. Terence Podolsky of the
Department of Geology and Geophysics of M.I.T.
~1
vii
Previous Work
As early as 1861 a geologic map of Vermont had been
completed. Edward Hitchcock (1861) and others had grasped
the major elements of extremely complex structure and
stratigraphy and presented an excellent starting point for
further detailed work. The anticlinal nature of the Green
Mountains was recognized largely through correlation of
conglomeratic horizons in the latitude of Wallingford and
Plymouth. Fossil discoveries soon thereafter by Wolff (1891),
Foerste (1893) and Dale (1892) in the carbonate beds of the
Rutland and West Rutland valleys combined with Walcott's (1888)
discoveries of organic remains in the Cheshire quartzite dated
the western mantling formations of the anticlinorium as Lower
Cambrian through Ordovician. Whittle (1894) a,b) defined
more fully the lowest western clastic formations and briefly
described the basal units to the east of the range and the
ancient rocks exposed in the core of the Green Mountains.
Some of the most significant early work was that of
Dale (1892 to 1916). His studies included the slate belt
of the Taconic area, the marble producing areas near Rutland,
the Pine Hill-Danby Ridge and parts of the pre-Cambrian
basement and eastern rocks. Dale discovered or clarified
most of the structural units and correctly interpreted many
of the structural details.
Perry (1928) developed the stratigraphy of the
eastern sequence in nearly its present form, and correlated
units in central Vermont with those in western Massachusetts
and southern Quebec. At about the same time Foyles made
several detailed studies of the western limb of the Green
Mountain anticlinorium (1928, 1930) and attempted a far-
reaching correlation of all the current stratigraphic units
known in the region. Keith (1932) outlined the stratigraphy
of the western sequence of Paleozoic rocks, and Bain (1931 to
1938) examined many of the.units in some detail. Bain's
studies of marble quarries near the Rutland area prompted
the first description of the somewhat unique manner in which
carbonate rocks were deformed.
In mapping a large area extending across the range
near Mendon and north and south along the Plymouth-Pittsfield
valley, Hawkes considered both the Taconic problem and the
correlation of units across the Green Mountain anticlinorium
(1940). He traced the units of Perry northward and suggested
that the Taconic thrust fault was located within the western
exposure of the pre-Cambrian basement rocks. Thompson (1950)
and Chang (1950) continued work in the eastern sequence with
detailed studies of the Ludlow and Woodstock-Plymouth areas
respectively. Thompson clarified the stratigraphy and
established criteria for the interpretation of most of the
viii
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minor structural features in the area. He demonstrated for
the first time that map units could be traced within the
pre-Cambrian basement complex.
Cady (1945) established detailed stratigraphy of
the western sequence and provided the basis for work to
the south and in the Rutland area. His mapping was con-
tinued to the south by Fowler (1950) and to the east by
Osberg (1952) in areas immediately adjacent to this study.
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STRATIGRAPHY AND METAMORPHISM
Full description of the stratigraphy and metamorphism
of the rocks of the Rutland area may be found in a supple-
mentary paper (Brace, 1953). Salient features of the
lithology, distribution of rock units and their metamorphism
are given here to provide background for the more detailed
structural considerations to follow. Attention is directed
throughout to map and structure sections (Plate 1 and 2) and
to Figure 1 in which a diagrammatic columnar section of the
rock units is presented.
The Rutland area is underlain by a pre-Cambrian base-
ment complex and flanking Cambro-Ordovician sequences arranged
in the form of an anticlinorium and subsidiary anticline.
Pronounced unconformities separate the crystalline core rocks
of the Pre-Cambrian from the eastern and western Paleozoic
sequences which can be correlated with strata bearing Lower
Cambrian and younger fossils.
Pre-Cambrian Stratigraphy
At least a third of the map area is underlain by rocks
considered to be Pre-Cambrian. These consist of gneiss, quartzite,
schist, amphibolite, marble and lime silicate rocks which have
been stratigraphically divided into the Wilcox formation and
Mount Holly complex (Whittle, 1894). The rocks resemble the
Grenville of New York State (Miller, 1914) and may be largely
of sedimentary origin, as shown by abundant beds of marble,
graphitic schist and widespread compositional banding.
Ov6ov~ic*%on
Upper-
Cornbyi o~n
Lo~e~r
Ca-mrbv imnw
-SoooI
Cojnbrovn
-10O0,
'-~ ~-CQmvern~ov 5s o.
W~uv4oovt doomit
Co~mb~co-
Ordoviciahn
Mekvdovn 4orwmatlor)
Wilco', 4M-
MournL VHofl% ComipleA
L-atet Pre-
bPvc-
weisecvr eq~utm~e
A~~ bk ICA t.
PivnneLl "OIlow tvn.
4"'.
t"%ut 4 0 11
Conip e%
I 000'
East~ern 5eequence
2The Wilcox formation consists of about 3,000 feet of
pink, white, black and green schists, thin buff dolomite
marble and thin gneiss. The unit rests unconformably upon
the older Mount Holly complex, and shows none of the effects
of the medium to high grade metamorphism which are apparent
in the Mount Holly. Slightly coarser texture and the presence
of gneiss easily distinguish the Wilcox from Cambro-Ordovician
units.
About 10,000 feet of strata have been mapped in the
Mount Holly Complex although the relative age of the units
is not known. The most abundant rock type is gneiss including
perhaps 75 percent of the observed exposure. In terms of
characteristic minerals, the principal varieties of the gneiss
are (1) biotite-microcline gneiss, (2) plagioclase gneiss and
(3) garnet-plagioclase gneiss. Most of the gneiss is coarsely
banded and interlayered with marble and schist. In places,
absence of banding and associated schist suggests plutonic
origin for the gneiss.
Quartzite and quartz schist are abundant in the Mount
Holly as thick units associated with gneiss and marble. Quart-
zite beds reach a few tens of feet in thickness and are remark-
ably pure. The quartz-rich schists often contain aluminous
minerals such as chloritoid in addition to the characteristic
minerals muscovite, quartz and tourmaline.
3Amphibolites are conspicuous in the field but unim-
portant in quantity in the pre-Cambrian basement complex.
Units up to ten feet thick commonly cut the banding of the
surrounding gneiss and quartzite and contain as principal
minerals, actinolitic horneblende, plagioclase and almandine
garnet.
Marbles and rocks rich in lime silicate minerals are
similarly thin units and unimportant in quantity in the Mount
Holly, 1/ Mineralogy varies considerably from one marble bed
1/ This is, of course, in contrast to the New York State Pre-
Cambrian, where for example Miller reports 12,000 feet of
marble (1914, p. 8).
to another, and even along the length of a single bed. Tremo-
lite and tale are the most common minerals with calcite and
dolomite, although the rocks often contain small quantities of
epidote, clino-zoisite, sphene, phlogopite and graphite.
Relation of the Pre-Cambrian rocks to Cambro-Ordovician Strata
The Cambrian-pre-Cambrian boundary, although difficult
to locate in detail emerges with regional mapping as a surface
of profound unconformity. Certain features of the rocks both
above and below the unconformity contribute to this difficulty
in separation.
The lowest beds of the Cambro-Ordovician often closely
resemble the lithology in the underlying Mount Holly as the
basal materials are apparently composed in part of locally
derived detritus. With similar metamorphism of both source
and collected material, the two become nearly indistinguish-
able. Structurally the unconformity is rarely striking in
outcrop, presumably because of rotation of the banding of the
older complex into approximate parallelism with the surface of
unconformity. Furthermore, foliation and folds akin to the
younger sequences have been imposed upon the marginal parts of
the bpsement; these often obscure what might otherwise be
strong discordance of the Mount Holly and Cambro-Ordovician
at the surface of contact. The metamorphic characteristics,
considered below usually offer the most reliable criteria for
the separation of the units.
Metamorphism of the Pre-Cambrian Basement Complex
Evidence of two episodes of metamorphism is abundant
in the Mount Holly complex and Wilcox formation of the Pre-
Cambrian. The earlier metamorphism has produced garnet and
biotite in rocks of argillaceous composition, actinolitic
horneblende in mafic plutonic rocks and diopside in impure
dolomites. The later metamorphism has incompletely altered the
early assemblages and produced minerals such as chlorite and
tale which are characteristic of the biotite-chlorite zone of
regional metamorphism. In producing assemblages which are
similar to those of the Cambro-Ordovician rocks, the later
metamorphism of the Pre-Cambrian is believed to be the same
as that which effected the Cambro-Ordovician rocks.
5The younger metamorphism of the Pre-Cambrian has left
a distinct imprint in the rocks. In the field, the "diseased"
look of the rocks is characteristic; in thin section this dirty
red and green chalky coloration can be traced to the products
of incomplete alteration of early minerals. Garnet is rimmed
and cut by biotite and chlorite, horneblende is rimmed and
partly replaced by chlorite, tremolite is intergrown with talc;
plagioclase of intermediate composition has been replaced by
albite filled with inclusions of clino-zoisite, epidote and
calcite. In the partial production of mineral assemblages
characteristic of a lower temperature metamorphism the effects
of the later metamorphism of the Pre-Cambrian resembles that of
diapthoresis or retrograde metamorphism. 1/ Here, however, the
2/ Becke, 1909; Harker, 1932, p. 344.
early and later episodes of metamorphism are separated by a long
interval of erosion and deposition and these terms are probably
not applicable.
Western Seauence of Paleozoic rocks
About 6,000 feet of dolomite, quartzite, phyllite and
graywacke are included in the western sequence (Figure 1) which
ranges in age from Lower Cambrian to Middle Ordovician. Rapid
variation of thin bedded units and the presence of abundant
orthoquartzite and calcarenites suggest that the western
sequence is a platform or foreland facies (Pettijohn, 1949,
p. 454)
The Lower Cambrian formations, the Mendon, Cheshire,
Dunham, Monkton, and Winooski cornsist principally of dolomite,
quartzite and dolomitic sandstone, with basal graywacke, black
phyllite and conglomerate. These rest unconformably upon the
Pre-Cambrian, but grade upward into the Upper Cambrian dolomite
and sandstone; they have been traced the length of the State
of Vermont, from southern Quebec to Massachusetts, and can be
correlated with units found in the central Appalachian region.
The Mendon formation (Whittle 1894 a) is divisible
into a lower conglomerate-graywacke member characterized by
thick bedding and abundant quartz and microcline detritus, a
thin discontinuous sandy dolomite, and an upper member which
is a finely banded graphitic phyllite or dark sandstone. The
Mendon formation is apparently conformable with the overlying
Cheshire quartzite (Emerson, 1892) which elsewhere carries
Olenellus. The Cheshire is a massive, nearly pure quartzite
of at least 1,000 feet thickness; it is overlain by dolomite
and sandstone of the Dunham dolomite, Monkton quartzite and
Winooski dolomite (Cady 1945, p. 528). The Dunham and Winooski
are alike in having thick-and thin-bedded siliceous dolomite,
and scattered thin beds of cross-laminated sandstone. The
Monkton is characterized by more abundant sandstone and rather
striking coloration in blue, pink, and gray dolomitic sandstone
and schist.
The Upper Cambrian Danby quartzite and Clarendon Springs
dolomite (Cady, 1945; Kieth, 1932) are conformable above the
7Lower Cambrian and beneath Ordovician (i) marble. Both
units consist of gray, somewhat limy dolomite. The Danby,
correlated with the Pottsdam sandstone of eastern New York
contains cross-laminated vitreous quartzite beds several
feet thick.
Ordovician (?) calcite marble is found in a few
places above the Upper Cambrian dolomite. Middle Ordovi-
cian black phyllite and marble appear above a pronounced
unconformity and rest in the western part of the area upon
all lower units down to the Dunham dolomite,
Eastern Sequence of Paleozoic and Late Pre-Cambrian Rocks
The eastern sequence of late Pre-Cambrian to Middle
Ordovician age includes about 17,000 feet of phyllite,
phyllitic sandstone, dolomite, quartzite and the metamorphosed
equivalents of mafic volcanic rocks. Major unconformities
occur above and beneath the lowest unit of the formation, the
Saltash formation. The presence of large amounts of chloritic
argillaceous and arenaceous rocks and volcanic equivalents,
all in thick units suggests that this eastern sequence is a
eugeosynclinal facies.
The lowest unit of the eastern sequence, provisionally
considered to be late Pre-Cambrian in age is the Saltash
formation; it consists of thick basal grits and quartzite,
intermediate black graphitic phyllite with thin limestone and
dolomite, and upper vitreous grey quartzite. The similarity
iof the Saltash to the Mendon plus Cheshire formations is
noteworthy.
The Tyson formation (Thompson, 1950, p. 31) is the
basal unit of a thick succession of shale and volcanics which
apparently extends without break upward from the top of the
Saltash or Mount Holly Complex to strata in central Vermont
bearing Middle Ordovician fossils. The Tyson corsists of
either a conglomerate-graywacke lithology, or a siliceous
dolomite lithology, the conglomerate-graywacke being discon-
tinuous, and absent beneath the dolomite over considerable
distances. Above the Tyson, Grahamville (Thompson 1950,
p. 33) albitic grits and phyllite appear, containing near the
top of the formation a few tens of feet of orthoquartzite and
gray dolomite. The Pinney Hollow (Perry 1928, p. 24) consists
of fine grained green and white phyllite which is locally
chloritoid bearing, and near the middle of the formation,
greenstone, or the equivalents of mafic volcanic rocks. The
Ottauquechee (Perry 1928, p. 27) is similar to the underlying
Pinney Hollow in most respects, but is distinct in its graphite
content which gives the phyllites and quartzite a black or gray
color. The uppermost unit, the "Bethel" (Richardson, 1924, p.
82) is nearly identical with the Pinney Hollow.
Correlation of Eastern and Wiestern Sequences
The exact relationship of the eastern and western
sequences is not known as they are not in contact. Similarity
9of rock types suggests that Mendon and Saltash formations
are equivalent, and that the Tyson and Grahamville represent
eastern facies of the black and green phyllites of Middle
Ordovician (Hortonville slate, and younger) found to the west.
Or in a different sense, the unconformity beneath the Horton-
ville is equated to that beneath the Tyson. In this corre-
lation Upper and Lower Cambrian dolomites and sandstone of
the western sequences above the Cheshire have no representa-
tives to the east.
Metamorphism of the Late Pre-Cambrian and Paleozoic rocks.
Late Pre-Cambrian and Paleozoic rocks of the eastern
and western sequences show the effects of broad regional
metamorphism. A single isograd well to the east in the area,
separates argillaceous mineral assemblages to the west typical
of the biotite-chlorite zone of metamorphism from those
farther east which contain garnet. Siliceous dolomite through-
out the area shows only the development of phlogopite. Green-
stone west of the isograd has the minerals epidote, chlorite
and albite and carbonates. Chloritoid has formed in rocks
with low potash-alumina ratio.
STRUCTURAL GEOLOGY
General Statement
The Rutland area is part of a complex fold belt.
As a consequence of several episodes of metamorphism
and deformation, a profusion of structural elements have
been produced in the rocks, from the scale of the Green
Mountain anticlinorium to that of microscopic grain
orientation. Final analysis of the regional structures
must await the completion of detailed mauoping in the
fold belt. The wealth of micro-structural data is as
yet untapped and in this study features somewhere be-
tween these extremes are analysed. Major structures
will first be considered, then structures too small to
be shown on the geologic map (Plate 1), and finally the
relationship of deformation to metamorphism. Reference
is made throughout to the geologic map, cross sections
(Plate 2) and the tectonic map (Plate 3).
Several problems of general importance are clearly
outlined in the structural geology of this central
Vermont area:
(a) the analysis of the interaction of basement
and mantle during deformation, in order to formulate
the manner in which basement structure controlled the
development of younger trends,
(b) the correlation of minor structures with major
structure to determine the overall movement pattern of
the Paleozoic deformation, and
(c) the search for a root zone for the Taconic
klippe, a large detacned mass that has been postulated
to lie to the west.
These problems will be reviewed following descrip-
tion and analysis of major and minor structures of the
Rutland area.
Major Structural Features
Structurally the Rutland area consists of the
Green Mountain anticlinorium, Rutland syncline, Pine
Hill anticline and the Pittsford-Chittenden structural
complex (Figure 2). Regionally, the central anticlin-
orium, consisting of a pre-Cambrian basement complex
and flanking Cambro-Ordovician metasediments is trace-
able over the central and southern parts of the State
(Billings, et al, 1952). The Pine Hill and Rutland
folds are simply minor complications on the west limb
of the Green Mountain anticlinorium. The Pine Hill
anticline extends about 15 miles, from the vicinity of
Proctor south to Danby. The Pittsford-Chittenden
structural complex is a local feature; structures to
the north and south trend fairly uniformly north. The
rocks on the east flank of the pre-Cambrian basement
trend north and are the lowest units of a homocline
Figure 2 Major Structural Units
(sketched from Plate 1, not to scale)
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extending eastward to the Connecticut River.
The Green Mountain anticlinorium. The anticlinal
nature of the Green Mountains was recognized by Adams
(1846, p. 167) and has since been described by Keith
(1932, p. 404), Cady (1945, p. 564), Thompson (1950,
p. 86) and Osberg (1952, p. 75). Structural and meta-
morphic considerations offer the strongest proof of an
anticlinal structure: a central metamorphic complex
is bounded on either side by younger metamorphic rocks
and lithologic units in the complex are sharply truncated
at this boundary. Minor folds on the flanks of the
anticlinorium have a consistent pattern which is typical
of anticlinal structure (Billings, 1942, p. 77). The
Green Mountain anticlinorium at the latitude of Rutland
has a gentle northerly plunge. This is the consistent
attitude of minor folds of the east limb, but not of the
west limb where fold plunge varies rapidly along the
strike. Nearly all of the folds, large and small, in
the Rutland area are overturned to the west; in the cen-
tral anticlinorium, this is expressed in a steep to
overturned west limb, and moderate to steeply dipping
east limb.
jIn general discussion the terms "gentle", "mod-
erate" and "steep"l are used for values of dip of strata
and plunge of linear elements of 0 to 30, 30 to 60 and
60 to 90 degrees respectively. Similarly, values of
strike are generalized as NNE, NW. etc. in the northern
quadrant of the compass.
Structure of the Pre-Cambrian Basement Rocks.
Poor exposure, the unknown origin of much of the base-
ment lithology and the complex metamorphic effects do
not lend assurance to the interpretations which follow.
This discussion of basement structures and their role
in guiding the structural development of tne younger
rocks is of a preliminary nature.
In the center of the basement complex remote from
the zone of interaction of basement and flanking rocks,
tne rocks strike northwest and dip gently northeast.
No criteria have been found to indicate the relative
ages of the 10,000 feet or more of rocks and it is doubt-
ful whether superposition is reliable. From Shrewsbury
southward the trends in the basement are about normal to
those in the north and it is impossible to assess this
either as a local feature developed during the folding
of the younger Wilcox, or as a fundamental structural
trend in the Mount Holly. In the central part of the
basement complex younger structural elements (slip cleav-
age, folds, and other features) parallel to those in the
Cambro-Ordovician rocks are rare and appear only in
schist beds near the summits of Pico and Little
Killington Peaks.
Structurally the Grenville of New York State
(Miller, 1916, p. 588-597) is remarkably similar to the
basement complex of the Green Mountains. Although
locally complicated by intrusion~banding in the Grenville
has an easterly strike and gentle southerly dip with no
apparent major folding and faulting. As in the Mount
Holly, rock foliation parallels compositional banding.
Miller has described the development of Grenville struc-
ture by load metamorphism (op. cit. p. 597) accompanied
by moderate doming and warping of the strata by intru-
sion and has decided that "lateral compression" has
played no part in the metamorphism of the rocks. The
efficacy of load metamorphism has been severely chal-
lenged (Fairbairn, 1949, p. 165; Turner, 1948a, p. 297)
and seems unlikely as a mechanism for the development
of the basement structures of the Mount Holly. Folds,
rodding, streaming, and boudinage are abundant and at-
-test to the existence of shearing movements but unfor-
tunately it is not yet possible to synthesize this data.
Interaction of basement and Cambro-Ordovician can
be analysed in several ways: (1) readjustment of base-
ment trends as a result of arching and the formation of
an anticlinorium, (2) the control of Cambro-Ordovician
deposition by the trends in the Mount Holly and (3) the
control exerted by variations in basement competency on
the pattern of movements during deformation of the Cambro-
Ordovician. As it is often impossible in a given Cambro-
Ordovician structure to separate the effects of control
during deposition (2) and control during later deformation
(3), both aspects are grouped below as the influence
of older structures on the development of the younger
structures.
The Influence of Older Structures on the Develop-
ment of the Younger Structures. The importance of pre-
Cambrian structural trends in guiding the geometrical
development of the Green Mountain anticlinorium is
doubtful; this regional structure trends north whereas
basement structure both in Vermont and New York trends
northwest to northeast. The details of this geometry
may owe much to control by the basement. Certain of
these features in the Rutland area can be discussed.
The control exerted on the deposition of the Salt-
ash and the dolomite facies of the Tyson has been dis-
cussed. Review of the structural characteristics of the
Saltash formation suggests control of the deformation of
these younger units by the buttress-like pre-Cambrian
quartzites.
Unique structure of the Saltash suggests an un-
usual tectonic development. Two systems of structural
elements are present, one a schistosity, slip cleavage
and folding parallel in attitude to those in the over-
lying Cambro-Ordovician strata, and an older and more
obscure system of folding and lineation. The older
folds plunge gently eastward in the direction of the
dip of tfe bedding and are parallel to a strong mineral
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lineation or streaming, and to the direction of elonga-
tion of stretched cobbles. -Fold plunges (Plate 3) di-
verge slightly in direction of plunge. The folds are
asymmetric; the axial planes approach the attitude of
the bedding. Excluding the younger structural system
as features impressed upon the Saltash during the de-
formation of the Tyson and overlying Cambro-Ordovician,
there are several explanations for the present arrange-
ment of the Saltash units and their structure. One is
that the Saltash is one limb of an isoclinal fold whose
eastward plunging axis parallels the axes of its minor
folds; generation of such a structure would require
either the action of a horizontal couple, or rotation
of the major fold after coustruction by a vertical
couple. This possibility is unlikely; such movements
would not be at all consistent with the general pat-
tern of movement throughout Vermont which requires a
vertical couple with eastern rocks moving westward
over western rocks. In addition no imprint of such
bizarre movements appears in the basement immediately
beneath the Saltash. Finally the pattern of the minor
folds cannot be integrated into a consistent pattern
of shear. It is therefore doubtful that the Saltash
forms the limb of an eastward plunging major fold.
The hypothesis considered here is that the minor
folds in the Saltash are a-folds (literature summa-
rized by Cloos, 1946, p. 26; Fairbairn, 1949, p. 222)
that have developed during a deformation consis-
tent in geometry with that elsewhere in the Paleo-
zoic rocks. The pronounced and unique linear struct-
ure which marks the Saltash reflects the distribution
and competency of rocks in the basement. Whereas the
dominant movement during the deformation was in an
east-west direction (maximum elongation and a fabric
axis east-west) resistant masses in the.basement in-
terferred with a uniform movement of layered units
westward up the eastern limb of the anticlinorium.
Converging movement (Cloos, 1946, p. 28; Balk, 1936,
p. 739) took place causing, at the level now ex-
posed through erosion, a limited shortening normal
to the direction of maximum elongation of the Saltash.
The quartzite masses north and southr-' of the Saltash
jThe northern quartzites are shown on Plate 1
and the southern quartzites are described by Thompson
(1950 p. 19) and are located just off of the map area
south of Saltash mountain.
acting as buttresses, have not moved toward one another,
but have in effect produced a north-south shortening
by acting as constrictions in the overall westward flow
of plastic rock masses. In response to this subsid-
iary north-south shortening, numerous small folds de-
veloped within the Saltash, with axes trending easterly.!-
/From studies in the Bersdalen quadrangle, Norway,
in which lineation and fold axes have a varying angular
relationship to the principal direction of movement,
Kvale suggests that: "a solid body of rock...will tend
to influence the direction of the linear elements in
the less solid surrounding rocks in such a way that the
lineation or axes of folds or both these structures
become more cr less parallel to the boundary of the
solid body" (1947, p. 248).
Instead of the usual development of bedding folia-
tion and folds with axes normal to maximum elongation
(folds in b fabric axis), the pervading structure is
linear in a. This may suggest some parallelism with
linear flow structure in cylindrical plutons (Balk,
1937, p. 86) and salt domes (Balk, 1949). These counter-
parts have certainly experienced constriction in two
directions normal to the direction of maximum movement
and have developed as a consequence folds or mineral
lineation in a. The linear structure of the Saltash
further suggests a similarity to the features common
at thrust faults-' which include folds, roddiug and
i/Summary by Fairbairn, 1949, p. 219-222; and
Cloos, 1946, p. 26; Balk, 1937, p. 738, 743; Heim, 1878,
p. 82, 202; Strand, 1944. p. 22, 25
streaming in a. The a folds in the Saltash are over-
turned and even isoclinal and therefore the situation
here may depart somewhat from that at a thrust zone,
where a folds are not commonly assymetrical (Balk, 1936;
Strand, 1944); furthermore it is not often clear that
shortening normal to the direction of thrusting has been
the cause of the a folds at thrusts, although this is
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strongly suggested for the Saltash.
In sunmrary then it is suggested that the unique
linear pattern of the Saltash is related to irregulari-
ties in basement competency which have guided the de-
forming movements; the deformation is somewhat similar
to that in salt domes and cylindrical plutons, and in
a few respects to that in thrust zones.
The synclines of Wilcox and Tyson have trends
remarkably similar to that of the basement. Whether
this is depositional or entirely deformational control
by the basement is not known, but it is clear that the
Paleozoic and late pre-Cambrian movements which are
responsible for this geometry must have been influenced
greatly by basement structures. During deformation of
the Wilcox and Tyson, movement probably occurred paral-
lel to the banding in the adjacent Mount Holly to pro-
duce synclinal structures essentially parallel to the
banding. Although the Mount Holly presumably had
already been strongly recrystallized, great physical
anisotropism would still have existed, for example, in
beds of quartzite within gneiss; it seems reasonable
that surfaces of banding might have acted as surfaces
of slip in the zone of most intense strain near the
contact with younger sequences.
Basement control of Cambro-Ordovician structure is
particularly apparent where pre-Cambrian quartzite and
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quartz schist occur near the unconformity. At Pittsford
and Chittenden complex faulting and folding of pre-Cambrian
quartzite and gneiss and of the Mendon formation occur where
the Green Mountain front is offset several miles to the west.
The reason for this major offset is as yet unknown, though
it is probable that it is related to the local occurrence of
large amounts of resistant material in the basement. The
peculiar east and northeast trends of Cambrian rocks west
of Chittenden can be related to the similar trends of the
thick quartzites present there in the basement: for example,
at Bald Mountain, North Chittenden and Chittenden these
quartzites strike north-easterly. At Pine Hill and Board-
man Hill the situation is less clear although again pre-
Cambrian quartzite is conspicuous within the core of this
subsidiary anticline. At East Mountain and Bald Mountain,
Mendon, south and north plunging folds are outlined in
the Mendon formation. Both of these younger folds follow
to some extent the basement structure and the syncline
at East Mountain roughly traces the outline of the thick
quartzite beneath it, with minor folds axes nearly paral-
lel to the trend of the quartzite. The southern fold on
Bald Mountain follows even more perfectly the north-
westerly trend of the basement, outlined by the Wilcox
Syncline.
In summary, many details of the Cambro-Ordovician
configuration can plainly be related to basement con-
trol. The larger scale patterns, however, are consider-
ably harder to relate. A major cause of this interaction
apparently is movement along compositional banding of
the basement which produces trends in the younger struc-
tures parallel to those of the banding. The movement
responsible, although of Paleozoic age and generally
oblique to trends in the basement, would resolve near
the unconformity to directions within the banding of
the basement.
Balk describes a mechanism by which younger rocks
develop a pseudoconformity with elements in the basement
which appears similar to that suggested here (Balk, 1937,
p. 732-737, fig. 27, 28). Thrust faults cut the base-
ment gneisses and unconformable younger rocks and
through movement along the faults and by intense fold-
ing the surface of unconformity is rotated into an atti-
tude near that of the fault. A "fracture cleavage"
parallel to the fault develops on both sides of it and
by guiding later recrystallization completely masks the
original unconformable relation. It is thus a means of
developing structural elements parallel to thrust faults
and it is further apparent that these faults (judging
from his sketches) are subparallel to the banding in the
basement gneisses. The effect then, would be similar to
that suggested here, in that a conformity and parallel-
ism of trend appears between younger structure and the
banding in the basement.
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From studies of complex structural relations in
the Bergsdalen quadrangle in Norway, Kvale believes
that "the directions of older structures may influence
the directions of structures formed by a second deforma-
tion with the result that the old directions are fol-
lowed or that the new directions are compromises between
the old directions and the theoretical new directions."
(1947, p. 249).
Readjustments in the Basement Caused by Younger
Folding. Just as the basement trends have locally guided
the development of structural patterns in the Cambro-
Ordovician, the arching and formation of an anticlinorium
has effected the basement structure. Theoretically the
basement might yield in several ways. The change from
a flat surface to a strongly arched surface might cause
multiple fracturing and widespread granulation of the
underlying material. Or if conditions were such that
the material could act in a completely plastic manner.
the basement might readjust its surface through some
sort of irregular flow. It is possible that a basement
of uniform competency might adjust its form by movement
along shear planes developed parallel to its upper sur-
face. Finally the bulk of the basement might structur-
ally remain more or less intact with all adjustments
taking place by intense fracture and flowage close to
the margin. The Green Mountain anticlinorium apparently
demonstrates the last of these mechanisms. Few major
faults were detected and these show only minor rota-
tion of the units involved. Large scale flowage or the
development of surfaces of shear parallel to the con-
tact are similarly absent, except within several thou-
sand feet of the contact.
Before examining the marginal zone in detail cer-
tain aspects of the formation of a standard flexure
fold (Billings, 1942, p. 87-98) are duscussed. A seg-
ment of a fold limb rotates under the influence of sev-
eral couples. In Figure 3, such a fold is sketched;
the surface shown might be considered the unconformity
between the basement and flanking strata. Segments on
each limb of the fold rotate relative to an initial
horizontal surface; first, due simply to the change in
geometry of the surface; second, due to the influence
of crestward moving overlying layers (expressed in minor
folds); and third, due commonly to the effect of break-
ing and thruting of the overturned limb. The directions
of these rotations are not the same and cause irregulari-
ties on the limbs of folds. Minor complications are
usually more abundant on the overturned, or "drag" limb
of a fold, than on the normal limb. This is immediately
apparent since movement along thrusts on the drag limb
reverse the shear sense acting on that limb (see Figure
3, IV).
Figure 3 Rotation of Segments of a Fold Limb during
the Formation of a Flexure Fold
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Figure 4 Detail of Basement Margin on west and east
Sides of the Green Mountain Anticlinorium showing
Typical Bending of Older Structure.
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Over a distance of several thousand feet strati-
graphically beneath the unconformity, pre-Cambrian
structures have been bent into apparent conformity with
younger rocks. The direction of this bending gives the
movement sense effecting this portion of the fold limbs,
and is most clearly shown at the eastern margin south
of Sherburne, to the west at Bald and East mountains,
and in the syncline of Wilcox east of Clarendon (Plate 1).
Typical relations at the east and west margin of the
basement are shown in Figure 4.
The bending of basement structure on the west
limb is in a counterclockwise sense, looking north (Figure
4). The west limb of the Wilcox syncline has been ro-
tated about 90 degrees; its peculiar map pattern reflects
the preservation of original drag folds consistent with
its synclinal structure. Rotation of this same sense
and degree appear likely for the thick quartzite just
south of Mendon. In addition to this movement, it is
possible to detect the effect of another couple within
the basement which shows as a fault, with west side up
relative to east side, cutting the west limb of the
Wilcox syncline; its movement sense is the same as that
producing drag folds in the overlying Cambrian. Still
another fault appears to the west, with unknown effect
on the basement, but reflecting the normal tendency of
a drag limb to break with intense folding. Bending and
faulting of the Wilcox syncline probably occurred at
about the same time inasmuch as the couples involved
exist at the same time. The final thrusting may mark
the latest deformational event in the formation of
this west limb of the anticlinorium.
Bending of the basement structures on the east
limb was similarly in a counterclockwise sense, look-
ing north. Several thousand feet of quartzite, gneiss
and marble exposed from Pico to Killington Peaks are
bent into near-conformity with the younger rocks which
dip moderately northeast. Comparing the two limbs of
the anticlinorium, the important changes in the geo-
metry of the basement have apparently been produced by
a couple of the same sense - eastern rocks moving west-
ward over western rocks.
This mode of deformation of the basement, rota-
tion of older structures into near-conformity with the
younger is described elsewhere.
j/In the Alps Heim observed that schistosity of
basement rocks of the north end of the Aar massif had
been bent and dragged into near-conformity near the con-
tact within mantling autochthonous strata (Heim, 1921,
p. 157). In similar fashion too, the normal foliation-
banding relations of the massif are disturbed near the
margin of the massif with the appearance of various
cleavages. In Dutchess county, New York, warping of
the basement structure again results in near-conformity
with mantling rocks, although in this case the surface
of separation is a thrust fault. (Balk, 1937, p. 739,
741). In the Rutland area bedding planes are surfaces
of movement and the effects produced by movement might
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be expected to be similar to those produced by thrust
faulting on a surface roughly parallel to bedding.
In summary, the Green Mountain anticlinorium con-
sists (1) of a central zone which seems structurally
intact and may represent part of an ancient fold belt,
and (2) of complex thin marginal zones in which base-
ment and flanking rocks have interacted during the
formation of this mid-Paleozoic structure. Chemical
changes of the basement have probably been more exten-
sive than structural changes during the most recent
episode of mountain building in the region. The ef-
fects of the younger metamorphism is extensive whereas
the development of conformable basement structure is
limited to the margins of the complex.
East Limb of the Green Mountain Anticlinorium
Tyson and younger units of the east limb of the
anticlinorium have fairly uniform structure. Large
scale folding is absent, beds strike northeasterly
and dip moderately east, and minor structures have
regular and consistent attitude. Minor structures are
very abundant in the argillaceous lithology which is
receptive to folding and the development of foliation
surfaces. Although bedding is uncommonly seen in the
phyllites and schists, its parallelism with the domi-
nant rock foliation is consistent. Quartz veinlets
and paddle-shaped masses are formed in this bedding
foliation, which was apparently a surface of movement
during deformation. Slip cleavage is often identified
and its intersection with bedding foliation produces
a crinkling typically parallel to the axes of minor
folds. Folds up to a few feet in wave length are
abundant; axial planes are nearly vertical, and axes
plunge gently northward. Streaming, rodding and peb-
ble elongation plunge steeply to the northeast at an
angle of 50 to 70 degrees with fold axes in the plane
of the folition. Elongation in this direction of
chlorite, chloritoid and quartz is weak and observable
only in thin section. Albite, magnetite and pyrite
often indicate rotation during and following their
formation. The movement sense as recorded by the
rotational features of tie east limb is typically up
east.
North and east of North Sherburne, folds of sev-
eral hundred feet wave length appear, causing a greater
outcrop width of formations. Two miles north of the
village overall bedding trends WNW, but is obscured by
the development of NNW trending slip cleavage and the
more northerly minor fold limbs. -Near Sable Mountain
the dominant structure is linear, plunging steeply east-
ward. Folds with subhorizontal axes are replaced here
by steep folds with no consistent movement sense. Since
the fold axes make a large angle with regional fold axes
the folds are considered a-folds, originating in sub-
sidiary horizontal movements related in some way to the
development of the regional bend (in plan) of formation
boundaries in the region (map: Billings, et al , 1952).
Two steeply east dipping thrust faults southeast
of North Sherburne assist folds in offsetting the pat-
tern of bedding to the northwest. The faults are prob-
ably of several hundred feet displacement and are not
associated with any unique development of minor struc-
tures; folds and steep plunging lineation are abund-
ant throughout the region.
Synclines of Tyson extend from North Pond south
to the Deer Leap cliffs on Route 4 several miles west
of Sherburne. The northern of the two synclinal masses
has regular bedding foliation and minor folds with
movement sense consistent with synclinal structure.
South of South Pond fold axes have a more nearly WNW
attitude with widespread variation in the direction of
gentle plunge. The parallelism with basement trends
is noteworthy, as is the control of map pattern by
topography.
A faulted area occurs east of Woodward Reservoir
and Plymouth. Aside from verification of Changts
description (Chang, 1950, p. 51), the writer made no
detailed studies of this area. The existence of a moder-
ately east dipping fault rather than a fold is suggested
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by minor features. Drag folds are not consistent with
pure folding, and the attitude of foliation and fold
axes changes abruptly near the eastern contact of Pinney
Hollow and Grahamville.
West Limb of the Green Mountain Anticlinorium
and Pittsford-Chittenden Structural Complex
Mendon and Cheshire formations of the west limb of
the anticlinorium and in the Pittsford-Chittenden area
reflect complex movement although lithologically the
rocks are less suited for the development of minor struc-
tures than the phyllites of the east limb. Bedding of
the west limb is vertical to overturned east, folds trend
northward and plunge gently either north or south and
fold axial planes dip moderately eastward. Large and
small folds have a consistent up west movement sense,
although the varying direction of plunge renders the
map pattern irregular. Uncommon lineation of stretched
Debbles, streaming and mineral elongation plunges steeply
eastward at an angle of 60 to 90 degrees with the sub-
horizontal fold axes. Broad, open folds are character-
istic of beds of quartzite and grit, but occur together
with tightly folded schist and dolomite. From Bald
Mountain southward through Clarendon the succession of
the west limb is broken by a thrust fault, with the
resistant sandstones and grits of the Mendon formation
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displaced westward over Ordovician carbonate rocks. The
fault probably dips moderately to steeply east and with
a dip slip of at least 7,000 feet.
In the Pittsford-Chittenden area the arrangement
of the younger units is clearly the most complex of any
of the area. Although knowledge of the northern exten-
sion of the structure is necessary for final analysis,
it is possible at this point to grasp the essence of the
structure. The area is located where the Green Mountain
front is offset westward several miles, due possibly to
the control exerted during folding by thick masses of
eastward trending basement quartzite. While it is im-
possible to conceive of the irregular movements which
have produced the details of the Pittsford-Chittenden
complex, its larger elements can be related to the
usual east over west shearing movement. Thus the struc-
ture consists of three south to southwest plunging anti-
clines strongly overturned to the west and complicated
by irregularity of basement competency and possibly by
a later crossfolding on a more southerly axis. Local
thinning of the basal Cambrian clastics, as well as
faulting, further complicates the picture. The western-
most fault is sub-horizontal and has served to displace
quartzite and sandstone of the Mendon and Cheshire west-
ward over carbonates. This may be the northern exten-
sion of the Pine Hill Thrust. Another fault cuts the
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structure a mile or so northwest of Chittenden. Its
existence is inferred by the disappearance of lowest
Mendon and the absence of minor structural features
compatible with a purely folded structure. Displace-
ment on this fault is undoubtedly small with probably
a few hundred feet dip slip. The easternmost fault,
an inferred normal fault, is somewhat anomalous here,
departing as it does from the usual thrusting move-
ment on faults of the west limb. Evidence for its
existence is well shown in the vicinity of Chittenden.
A half mile south and a mile and a half north of the
village Cambrian Moosalamoo and pre-Cambrian biotite-
microcline gneiss are a few tens of feet apart. The
fold sense in the younger rock again precludes a purely
folded structure with a local absence of basal Cambrian
grits. A west dipping thrust, or east dipping normal
fault between Moosalamoo and gneiss could produce the
pattern found in the rocks; in the absence of addi-
tional evidence the latter is chosen, for it is con-
sistent with the general tectonic movement of the area.
Faulting could have occurred parallel to steep east
dipping slip cleavage (abundant throughout the area)
under the influence of an east over west couple.
Counterclockwise rotation of blocks and fault between
would bring older rocks up on the west giving the con-
figuration seen at Chittenden. This is the "antithetic
wNEFV
32
faulting" of Cloos (1928), applied in a somewhat dif-
ferent sense.
The Pine Hill Anticline
The Pine Hill structure is a complex anticline
with the western or drag limb, broken by a major thrust,
the Pine Hill thrust. This structure was recognized
first by Wolff (1891) and carefully mapped by Dale
(1892, 1894). Fossil discoveries to the east and
west of Pine Hill suggested a thrust fault in the struc-
ture, and continuity of units above the fault was shown
with those of the Green Mountain front to the east.
Dale also hinted at the presence of pre-Cambrian gneiss
in the core of the structure (1892). The major failing
of this early work was confusion of lithologically
similar black phyllites of Lower Cambrian and of Middle
Ordovician ages. Fowler (1950) described the structure
of the folded carbonates west of the Pine Hill thrust,
but had little success in delimiting the units to the
east of the fault.
Pre-Cambrian and Mendon formation appear above
the Pine Hill thrust in tight folds strongly overturned
to the west; axial planes dip 30 to 50 degrees east
above the fault, which probably dips 40 to 50 degrees
east. Beneath the Cheshire quartzite minor folding is
extreme with rapid changes in attitude of sub-horizontal
wp
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folds; uncommon linear structure, folds, pebble elonga-
tion rodding plunge gently easterly. The Cheshire itself
is hardly deformed, but simply dips gently eastward
beneath the dolomite of the Rutland valley. The actual
location of the Pine Hill thrust can seldom be determined
exactly, for the rocks on either side of the fault are
unfortunately very similar. Thus, the black sandstones
and phyllite of the Moosalamoo often rest upon the black
phyllite and marble of the Hortonville. The writer has
placed much reliance on the quartz-rich, fine banded
nature of the Moosalamoo in attempting the subdivision.
Since the Hortonville is seldom conformable with older
units in the area (being at the base of a major uncon-
formity), it appears simply as a wedge beneath the
Pine Hill thrust. South of Chippenhook and Clarendon
the Pine Hill thrust dies out, but the anticlinal
structure of the ridge is disturbed by a new break.
This fault is on the east side of the structure and its
existence is principally supported by work to the south
in the Wallingford and Pawlet quadrangles (Thompson,
oral _ommunication, 1952). This will be discussed
further below.
The displacement along the Pine Hill thrust in-
creases to the north. At Chippenhook the dip slip is
negligible, at Rutland it may reach 4000 to 6000 feet,
depending upon the relations beneath the Hortonville
wx
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unconformity (Section E, Plate 2). Farther north in
the Pittsford area, displacement along the thrust (as-
sumed a continuation of the Pine Hill thrust) must be
of the order of several miles. The formation of the
Pine Hill thrust apparently postdated the deposition
of the Hortonville and therefore the pre-Hortonville
folding and erosion of Cambro-Ordovician rocks. The
base of the Hortonville, as defined by fossiliferous
limestone, is only preserved west of the thrust; hence,
the Hortonville has also-been effected by the fault-
ing. Pre-Hortonville erosion in the Rutland area ex-
tends to Cheshire and younger formations and Bucher
(1951) has described north of Peekskill, New York, a
limestone and slate presumably of the same age as
Hortonville which rest directly upon Pre-Cambrian. The
possibility of correlation of this major mid-Ordovician
unconformity with an unconformity east of the Green
Mountains has been discussed elsewhere in this report.
The Rutland Syncline
Cambro-Ordovician carbonates and sandstones of
the Rutland valley have the general form of a south
plunging syncline with parts of the east and west limbs
disturbed by faulting. North fRutland gentle dips
are south and east, the beds are gently warped and,
aside from jointing and bedding planes, are structureless.
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Southward the situation changes. All the unusual fea-
tures of carbonate deformation appear as the beds are
faulted, and folded into tight synclines. Dips are
variable and change constantly along and across the
strike; fold plunge is gentle north or south, but axial
planes dip east and west and often have no consistent
local movement sense. Wave length of folds seems to
vary with thickness of bed,..thick units broadly arched
and occasionally broken, thin beds of sandstone and
dolomite intricately fulted and dragged. Mapping was
necessarily done by lithologic correlation and the use
of rare cross-lamination, for secondary structural
features are quite unreliable.
Between Mill and Cold Rivers synclinal structure
is quite consistent with the regional pattern of deforma-
tion; a syncline with axial plane dipping steeply east
is a reasonable counterpart for the neighboring anti-
cline in Bald Mountain. The fault which disturbs the
east limb of the structure must have been a late feature
of the deformation and not directly related to folding,
since it cuts the fold at an angle to the axis.
In the vicinity of Clarendon, all semblance of
order disappears in the structure of the carbonates.
The entire section exposed in the Mill River dips moder-
ately to steeply west, fold axial planes dip west whereas
cross-lamination indicates that the top of the sequence
lies to the east. This indicates a fold overturned to
the east, which would be quite incompatible with its
regional surroundings. A possible process of fold gen-
eration might be the "flowage folding" of Bain (1931).
Flowage folds are produced by a gravity sliding of ma-
terial into fold troughs and are probably similar to
the penecontemporaneous folds formed in sloping beds
of hydroplastic sediments (Shrock, 1948, p. 264-7).
These folds in forming on the west limb of the Rutland
syncline would in effect have axial planes dipping
west. But considering the scale of the structure in
the vicinity of Clarendon and the fair degree of con-
sistency of its minor structures, the writer hesitates
to apply this mechanism of flowage folding. In quar-
ries it has been uncommonly observed in folds up to a
foot in wave length; further, the penetration of this
sort of movement does not appear to be extensive, judg-
ing from interformational counterparts (Shrock, 1947,
p. 267), in which only the upper surface of a unit is
plicated. It is much more likely that the formation
of this anomalous syncline is related to a fault to the
west. The fault has raised western rocks relative to
those to the east and could be a west dipping thrust.
The movement, west over east, although itself regionally
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anomalous, might have locally arched the west limb of
the Rutland syncline into a west dipping attitude, pre-
serving the otherwise normal minor structures. This
seems to be the most acceptable hypothesis, but may no
doubt be revised when studies to the south throw fur-
ther light upon the rather unusual tectonics of this
area.
Major Structure Summarized, Age of Deformation
The basement structural complex of the Green Moun-
tain anticlinorium consists of a central zone which may
preserve intact earlier oblique deformation trends, and
a complicated thin marginal zone in which basement and
flanking rocks have interacted during Paleozoic deforma-
tion. Structures of basement and mantle in the marginal
zone (about a mile thick stratigraphically) indicate on
the one hand that younger units may locally develop
structural trends paralleling older banding, and on the
other that basement structures have been bent or dragged
into near-conformity with the mantle. Major faulting
appears to have been unimportant as a means of adjust-
ment of the basement. Significantly, no fault was
found with appropriate geometry to have acted as a root
zone for overthrust Taconic masses to the west of the
area.
The interpretation th& the principal basement
A
deformation occurred in a marginal zone, suggests the
correlary that the ancient core of the Green Mountains
underwent only a limited amount of shortening in an
east-west direction.
Cambro-Ordovician structures of the Rutland area
are for the most part conformable and their structural
pattern is simple, consisting of a major anticlinorium
and a subsidiary anticline overturned to the west and
plunging gently north. Primary structures and second-
ary rotational features on both limbs of the folds are
consistent with this pattern. Structural irregulari-
ties are more abundant on the west limb of the folds
than on the east limbs, a situation to be anticipated
on the "drag limbs" of folds. Slip cleavage and the
axial planes of folds describe an incomplete fan across
the area, being nearly vertical to the east and moder-
ately to gently east dipping to the west. The overall
structure points to the operation of a couple, with
eastern rocks moving westward over western rocks.
Minor folding in a direction transverse to the
range makes the Saltash structural unit anomalous in
the map area. Stratigraphically the unit is an uncon-
formable wedge lying between Cambro-Ordovician and Pre-
Cambrian. In spite of having undergone deformation at
an earlier period (either pre-Cambrian or Ordovician)
it seems possible to relate its anomalous structure with
overall movements similar to those which deformed the
overlying strata (presumably Taconic).
Until the stratigraphic relations are better
known, it is impossible to date the deformation accurately
or to evaluate the different Lower Paleozoic deforma-
tional episodes in the area. Regionally, metamorphism
or deformation or both occurred within the Middle
Ordovician, between Middle Ordovician and Upper Silurian
(Taconic orogeny), in Middle or Late Devonian (Acadian
orogeny) and late in the Paleozoic (Appalachian orogeny)
(Billings, et al, 1952). Undeformed plutonic rocks cor-
related with those of Mississippian (?) age preclude a
severe Appalachian deformation in the map area. In the
absence of rocks younger than Middle Ordovician and
older than the Devonian, the effect of the Acadian dis-
turbance is not known. There is abundant evidence for
Middle Ordovician and Taconic orogeny, however, just to
the west of the Rutland area. To the east it is cer-
tain only that there were two periods of deformation and
metamorphism separated in time by deep erosion and ex-
tensive deposition and that these episodes occurred
within the late pre-Cambrian to Middle Ordovician. The
degree of metamorphism attained and the principal move-
ment patterns recorded are remarkably similar.
Minor Structural Features
General Statement
Dale has written: ".the characteristic features
of ... mountain-making movements are often quite as truly
shown by single ledges, or even hand specimens, as by whole
mountain sides." (Dale, 1896, p. 549). Features of out-
crop and hand specimen are, in fact, the only data avail-
able in central Vermont from which the geologist synthe-
sizes major structure and the formation of the mountain
range. Critical examination of these features is of great
importance, therefore, for the light that they throw
upon the mechanics of rock deformation and the manner in
which they are integrable into a consistent movement
pattern within major structural units.
Structural details of the Rutland area include
planar, linear and rotational features, and details of
rock fabric. It is convenient to refer the geometry
and kinematics of these features to a coordinate system
similar to that in common use. (Fairbairn, 1949, p. 6;
Cloos, 1946, p. 5). The axes a and b are in the move-
ment plane; c is normal to it. b is parallel and a at
a large angle to fold axes. Both a and b axes are de-
fined by linear elements in the rocks; b is a rotation
axis and a is a direction of elongation or stretching.
In the application of the strain ellipsoid
(Billings 1942, p. 106; Fairbairn 1949, p. 199) the
axes A, B. and C are used for the long, intermediate and
short axes respectively.
Planar Features, Bedding, Compositional Banding,
Foliation. Compositional and textural banding is wide-
spread in the rocks of the Rutland area and can usually
be assigned to primary origin; it almost invariably
parallels rock foliation. Banding and foliation are cut
by slip cleavage, fracture cleavage and joints.
Bands differing in mineralogy or texture in the
Cambro-Ordovician rocks have been interpreted as bedding.
In rare cases they parallel undisputed primary features
such as cross-laminated and graded beds and when mapped
define the structure of the area. The scale of banding
ranges from that of the delicately laminated black sand-
stones (less than a millimeter) to that of the Nickwacket
greywacke and Cheshire quartzite in which dolomitic or
schistose layers are tens of feet thick. Interband dif-
ferences in mineralogy have doubtless been accentuated
during metamorphism and deformation by such processes
as Eskola's "concretion principle" (Turner, 1948, p. 139)
or tectonic unmixing. Banding in the Pre-Cambrian re-
mote from the margins of the complex may also be primary,
since it is treceable for considerable distances through
complex structures; but the general validity of this
assumption awaits further understanding of the origin
of many of the pre-Cambrian rocks. In the zone of
most intense deformation near the margins of the com-
plex, compositional banding often parallels the surface
of unconformity; here it is likely that processes other
than primary deposition have influenced the character of
the layering.
As a consequence of folding, planar features such
as banding and foliation are offset; it is therefore
necessary in mapping to ascertain the "trend of foliation",
which is a surface estimated to be the mean of all of the
folded surfaces visible. This mean surface may actually
cross the strikes of minor fold limbs at a large angle
where folding is most intense. Accurate "trend" deter-
mination obviously depends upon the three-dimensional
extent of outcrop exposed to view.
Nearly all the rocks part along subperallel sur-
faces or folia which are conditioned by the parallel
arrangement of compositional or textural bands and platy
or elongate mineral shapes. This foliation is parallel
to banding throughout, even on the noses of folds, and
during folding has apparently served as a slip surface.
Distinct linear elements such as crinkling and micro-
folding in b , slickensiding, streaming and mineral
elongation in a, are usually visible in the foliation.
Pebbles and quartz veinlets are elongate in the folia-
tion through stretching, or fragmentation. Foliation
appears at once as a surface of shear displacement, a
bedding foliation (Mead, 1940, p. 1009) and a surface
containing the direction of maximum elongation. No-
where can foliation be identified as an axial plane
cleavage or "flow cleavage" (Idem, p. 1010).
The origin of the foliation, or ability to part
parallel to banding, is to a large degree a property
developed early in the history of the rock. However,
the coarse micas and lenticular mineral shapes devel-
oped parallel to banding and contributing greatly to
the planar weakness in the rocks are unquestionably a
product of metamorphism and attendant deformntion. The
actual mode of grain growth and orientation in foliation
is not known as similar results have not been achieved
as yet by synthetic means. There has apparently been
no tendency for platy minerals to grow preferentially
in parallelism with the axial planes of folds, normal
to "the direction of the resultant of compressional
stresses in the rock mass" (Mead, 1940, p. 1010).
Platy and elongate grains other than biotite and
chloritoid porphyroblasts, have only extended themselves
in surfaces of shearing movement.
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Slip Cleavage
Slip cleavage (Dale, 1896, p. 560) is a widely
developed planar feature and consists of spaced surfaces
of parting or incipient parting formed sub-parallel to
the limbs of small folds. (Plate 4, 5) It is usually
parallel to fold axial planes and intersects the folia-
tion in a line parallel with b. Slip cleavage is
apparently restricted to micaceous rocks and is not de-
veloped in dolomites or quartzites. (Plate 4, Figure 1).
Recognition and use of slip cleavage to indicate move-
ment sense are greatly enhanced by banded structure in
the rock (Plate 4, Figure 2). The spacing of slip
cleavage is somewhat variable even within a hand specimen,
ranging from a fraction of a millimeter to 10 inches.
Slip cleavage is often discontinuous even in wholly
schistose rocks, with individual surfaces randomly be-
coming indistinct and reappearing offset. But regardless
of its variable intersection with foliation and its dis-
continuity, parallelism with axial planes of folds is
retained. Rarely slip cleavage is itself gently folded
or, as in such complex situations as the margins of the
basement complex, bears an irregular relation to folds of
an early generation. In phyllites of the west limb of
the anticlinorium slip cleavage is unusually developed,
and due to its very close spacing and the lack of com-
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Figure 1. Slip cleavage in schistose bands of a quartz-
sericite-biotite-chlorite schist of the Mendon
formation. Light colored quartz bands are not off-
set by the cleavage (vertical which is about
parallel to fold axial polanes. (uncrossed Nicols)
East Mountain, Rutland nto
Figrure 2. Incipient' slip cleavarge in auartz-sericIte-
chlorite-graphite schist. Note dis'continuity
through cgeneral parallelism of (vertical) cleav-
age surfaces. Movement sense indicated here is
up left. Tyson formation, South Pond, Chittenden
(uncrosped Nicols ) % to
Plate 4- Slip Cleavage
-4
Figure 1. Detail of fold in buded quartz-sericite-
biotite-chlorite schist. Slip cleavage is verti-
cal. Recrystallized sericite and biotite (dark
grains) form an arch growing parallel to bent
foliation surfaces. Mendon formation. East,
Mountain Rutland, (uncrosced Nicols) A20
Figure 2. Advanced stage of slip cleavage development.
in sericite-chlorite-quartz phyllite of the Mendon
formation. Cleavage is accentuated by growth of
opaque minerals and by iron oxide staining. Over-
all movement sense is not clear here. Pittsford.
(uncrossed Nicols) Kto
Plate 5 Slip Cleavage.
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positional banding, is the principal structural element
in the rock. Elsewhere in homogeneous phyllites it is
entirely possible that more than a single slip cleavage
system has been formed and later rendered indistinguish-
able from structure mapped as foliation.
Slip cleavage is not related to the folds in tie
basement complex. It reaches maximum development in the
younger rocks in the center and western limb of the anti-
clinorium. Following the trends of fold axial planes slip
cleavage converges downward across the area, being nearly
vertical to the east and dipping moderately eastward to
the west. (Plate 3)
All stages in the development of slip cleavage
surfaces can be observed. In an initial stage, (Plate
4, Figure 2), folding forms the characteristic drags on
the limbs of larger folds, although no surfaces of
discontinuity have as yet weakened the rock, the eye
is nevertheless attracted to the axial plane symmetry
in the herringbone pattern. With advancement of the
folding the tiny drags are more acutely bent, and limbs
are strongly thinned and roteted toward parallelism with
the fold axial plane. Further thinning and stretching
of drag folds causes actual surfaces to appear in the
lining up of fold limbs. These surfaces seem to favor
the growth of micaceous and opaque minerals, which ac-
centuate the slip cleavage and render it a more noticeable
surface. (Plate 5, Figure 2).
Slip cleavage belongs to an advanced stage of the
deformational history as it is seldom deformed. Also the
associated acute drag folding might be expected in the
later stages of flexural folding when the maximum amount
of slip along foliation surfaces has been achieved, and
tight, angular small folds develop instead of broader
and simpler ones (Mead, 1940, p. 1021). With the forma-
tion of numerous fold crests where once there was one in
the same length of bed, total linear slip is reduced
along increments of the bed.
Structural features apparently similar to slip
cleavage have been given various names: - fracture
cleavage (Leith, 1905, p. 119; Broughton, 1946, p. 18;
Balk, 1936, p. 706; Kvale, 1947, p. 19), false cleavage
(Harker, 1932, p. 157), transposition cleavage (Weiss,
1949, p. 12), and ausweichungsclivage (Heim, 1878, p. 53).
Not only are names different, but various modes of origin
are assigned to slip cleavage (1) as a consequence of, or
closely related to folding (Thompson, 1950, p. 118; White,
1949, p. 590; Knopf, 1931, p. 16; Dale, 1896, p. 567;
Osberg, 1950, p. 85; Harker, 1932, p. 158), (2) due to
fracturing parallel to surfaces inclined to AB plane of
strain ellipsoid and unrelated to existant mineral ar-
rangement (Leith, 1905, p. 126; Mead, 1940, p. 1010), or
(3) as a fracture system unrelated to flexure folding but
possibly to shear folding, micro-thrusting, normal fault-
ing (Balk 1936, p. 706; Hawkes 1940, p. 124; Broughton
1946, p. 8; Schmidt 1932, p. 89). Apparently all of
these names and origins refer to the same feature dis-
cussed here as slip cleavage. Differences in interpre-
tation are due on the one hand to attempts to refer it to
a cleavage classification developed in an area where slip
cleavage does not exist, and on the other hand to the
rather ambiguous movement sense given by the cleavage
and related folds which led in many cases to divorcing
slip cleavage formation from folding movements.
White has carefully reviewed the subject of slip
cleavage in recent years (1949, p. 588) and clearly
showed that it is not a fracture cleavage in the original
genetic sense of the term (Leith 1905 p. 120). In the
first plce the efficacy of slip cleavage as a plane of
weakness in the rock depends upon the subparallel ar-
rangement of platy minerals in the limbs of tiny folds;
indeed the rock often breaks in the general direction of
these fold limbs before an actual cleavage surface has
formed. Secondly, fracture cleavage is referred to a
different orientation in a strained rock than that which
slip cleavage occupies. Fracture cleavage develops along
surfaces inclined at an appreciable angle to the AB
strain ellipsoid plane (Mead, 1940, p. 1010) and ac-
cepting the axial plane of folds as representing this
ellipsoidal plane, slip cleavage is not inclined to it,
but parallels it consistently. Finally, in eastern
Vermont, White has been able to trace slip cleavage into
a structure called schistosity which is similar to flow
cleavage in that all or a majority of the micaceous
elements in the rock are parallel (Idem, p. 591). If
slip cleavage is truly equivalent to fracture cleavage
it should show a distinct angular relationship to a flow
cleavage (Leith, 1905, p. 125). Another interesting
possibility of the close relationship between slip and
flow cleavage is suggested by Dale in the discovery that
the "slatey cleavage" of a shale from Bennington, Vermont,
actually consisted of slip cleavage surfaces spaced about
360 to the inch (Dale, 1896, p. 563-4). In conclusi6n it
seems unwise and inaccurate to apply the term "fracture
cleavage" to the phenomena described here and named by
Dale "slip cleavage" since neither the definitions nor
the genetic implication of these terms have much in
common and in some respects slip cleavage seems more
closely allied to structure called flow cleavage.
In undertaking next the matter of movement sense
associated with slip cleavage, the variety of genetic
interpretations afforded this structure are to some
degree made compatible. primarily there are a number
of patterns which can be included in the general term
slip cleavage. These are shown in Figure 5 in relation
to the cross sectional form of the Green Mountain anticlino-
rium. The patterns are all similar in that parallel sur-
faces arise as a result of the subparallelism of tiny fold
limbs; the surfaces are slip cleavage and they parallel fold
axial planes. The difference in the patterns can be
traced to alignment of west or east limbs of the minor
folds, or to alignment of both limbs. Considering as an
example the possibilities at position A on the major fold,
one pattern is formed if west limbs are thinned and brought
into sub-parallel arrangement, another if the east limbs
are so affected. At the crest of major folds both limbs
may become aligned (position B), forming "Totfalten"
(Ampferer, 1938). The factors which affect the ultimate
development of a particular pattern are not entirely
clear, but probably include the geometrical relation-
ship of early foliationthe ultimate position of the
fold axial plane, and various mechanical properties
of the layered units involved.
The formation of all slip cleavage patterns is
believed due to the action of couples with rotation sense
consistent with the geometry of the major fold. Thus in
Figure 9 both the patterns as position A result from the
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normal up west shear sense of layered units on the west
limb of the anticlinorium. The "Totfalten" at the crest
of the fold have no shear sense but reflect the customary
shortening in a direction normal to axial planes (C of the
strain ellipsoid). Again at D the peculiar geometric
combination of inclined foliation and vertical axial planes
gives in the gentle undulations no definite shear sense.
Now it is widely held that slip cleavage has arisen
through micro-faulting, with related dragging of foliation
surfaces into parallelism with slip surfaces. The likeli-
hood of such a mechanism seems obvious from the patterns,
Figure 5 and Plate 5, Figure 2. Thus the forms shown in
position A of figure 5 might be due respectively to
faulting in a thrust or normal sense, parallel to axial
planes and with uniform small dip slip. Extreme flowage
and thinning of tiny fold limbs produces an apparent
offset of beds and renders a faulting hypothesis extremely
attractive. However, in attempting to apply this hypothe-
sis throughout a folded area, it is often necessary to
create an intricate movement pattern which not only must
very in shear sense locally as slip cleavage patterns change
but is often a complete reversal of shear sense as shown
in competent folded beds and the position of the slip-
cleaved rock in major folds. Thus, faced with the pat-
terns at C, Figure 5 on the east limb of the Green Moun-
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tain anticlinorium Hawkes had to devise a complex scheme
of movement in which some segments moved up east and
others up west along the cleavage surfaces although the
shear sense indicated by all rotational features is up
east. (Hawkes 1940, p. 142)
As mentioned earlier, it is difficult to under-
stand the persistent agreement of slip cleavage with
fold axial planes and axes if the cleavage is indeed a
fracture phenomenon presumably later and unrelated to
folding. It furthermore does not apparently effect
competent beds (Plate 4-, Figure 1) as fracturing
doubtless should. A final interesting discovery throws
some light on this rather ambiguous matter of slip
cleavage shear sense. Porphyroblasts of magnetite and
albite (Plates 7 and B ) enclosed in cleavage bounded
segments have a rotation sense, as indicated by external
quartz pressure shadows, which agrees with a folding
rather than a faulting development of the slip cleavage.
Contemporary formation of the pressure shadows and slip
cleavage is assumed since the rolled grains are often
located in the part of the foliation which approaches
parallelism with the cleavage plane. The grains would
have suffered a reverse rolling if fault slip had pro-
duced the structure.
In summary, slip cleavage is believed to form as a
result of minor folding in an advanced sts te of flexural
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deformation. While it is neither fracture nor flow
cleavage in the strict definition, parallelism with fold
axial planes and apparent transition into flow cleavage
suggests that there are genetic controls common to both
slip cleavage and flow cleavage.
The development of slip cleavage is not only related
to the local pattern of deformation but to rock type as
well. The most important lithologic requirements for the
formation of slip cleavage appear to be thin layering and
mechanical properties such that slippage can occur parallel
to the surfaces of the layers. Thus micaceous rocks such
as phyllite and schist often show excellent slip cleavage
whereas it is universally absent in thick bedded sandstone
and dolomite. Slip cleavage is not always developed in
relatively incompetent rocks, for example,-in a dolomite bed
within a thick quartzite unit. Relative competence is
apparently less important for the formation of slip
cleavage than is micacous layering.
In summary, slip cleavage is believed to be the direct
consequence of minor folding of micaceous beds during a
somewhat advanced stage of the deformation. The existence
of tiny similar folds is essential to the formation of
slip cleavage; they exist without the cleavage and are by
themselves completely in accord with the symmetry of the
regional fold pattern. Slip cleavage, on the other hand,
has never been seen in unfolded fock and it would be
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unwarranted to assume for it a post-folding origin in view
of its persistent parallelism with fold axial planes.
This parallelism and apparent transition into flow clea-
vage suggests that there are genetic controls common
to both slip cleavage and flow cleavage.
Fracture Cleavage
Fracture cleavage (Mead, 1940, p. 1010) is not
common in the rocks of the Rutland area, being found
principally in mixed carbonate-sandstone sequences of the
Rutland syncline. Typically, relatively competent beds
have a fracture cleavage system in. which rupture surfaces
are spaced a few inches apart and oriented both parallel
and nearly normal to bedding, Figure - (a). Competent
lithology includes quartzite, sandstone, thick-bedded
units and dolomite with respect to dolomite, limestone,
thin bedded units and schist respectively. (See also:
Dale, 1896, p. 551; Balk, 1936, p. 718)
Fracturing on a small scale often has the spatial
orientation of fracture cleavage. Albite porphyroblasts
(Plate Q, Figure 2) enclose planar inclusions at a large
angle to bedding and it is possible that this arrangement
is due to collection of material foreign to the growing
porphyroblast into small scale fracture cleavage surfaces.
In the gneiss of the Mount Holly complex large altered
garnets are often cut by distinct fracture systems with
the approximate orientation of fracture cleavage.
Joints
No systematic study of joints was attempted here
as it seemed to offer little help in analyzing the
movement pattern of the area. The most consistent
jointing occurs in the carbonate and sandstone rocks
of the Rutland syncline and consists of surfaces spaced
several feet or more, orientated subnormal to trend of
bedding and fold axes. These are the ac joints or cross
fractures (Fairbairn 1949, p. 156) and apparently form
in response to tension or elongation parallel to fold
axes. They are conspicuously formed in relatively com-
petent beds in any lithologic succession, as for example
in the massive dolomite and quartzite of the Rutland
syncline, and in the quartzite and conglomerate of the
basement and younger argillaceous sequences.
Due to the abundance of planar surfaces at a large
angle to bedding (hOL)surfaces with respect to fabric
axes) the existence of bc joints could not be deter-
mined. Elsewhere in this type of fold belt they are
apparently common. (Thompson, 1950, p. 107; Osberg,
1952, p. 94; Broughton, 1946, p. 14)
Rotational Features
Folds
Folds are one of the most obvious and widely used
structural elements, ranging in useful scale down to
microscopic dimensions. The essential elements of folds
are'the axis, axial plane, overall movement sense, wave
length, and amplitude of fold and attenuation of limbs.
Folds and crinkles (small scale folds) generally are a
symmetric and similar (Billings 1942, p. 50) in the
area with attitude of axial plane and movement sense
consistent with their location on the flanks of larger
structures. Up west is the movement sense on the west
limb, and up east on the east limb of the Green Mountain
anticlinorium and Pine Hill anticline. Axial planes
converge downward across the area, dipping moderately
east in the western part of the area and nearly verti-
cal to the east. This is the "normal anticlinorium"
(Idem p. 51). Isoclinal folding is uncommon in the
Cambro-Ordovician but frequently observed in the base-
ment complex where it is usually impossible to ascertain
the movement sense. Small recumbent folds are found in
the drag limbs of folds in the Pine' Hill anticline
(Plate 2). In fold crests minor folding may have no
consistent asymmetry. This has been termed incompetent
folding and is probably due to the complex readjustments
which are forced upon incompetent beds in the folding
of a sequence of mixed lithology.
Many have observed that differences in fold geo-
metry appear related to differing lithology , and hence
to relative competency (For example: Heim, 1878, p. 40;
Dale 1896, p. 564; Osberg, 1952, p. 79; Thompson, 1950,
p. 94). In a folded sequence of mixed lithology ,
units which are relatively thick-bedded or free of
micacious material describe simple open folds of larger
wave length than do the thin bedded schistose units
which have tiny compressed folds of an intricate pattern.
The thin bedded or micaceous beds can apparently change
shape more readily, for their close folding shows a dis-
tinct thickening and thinning at crest and limb respec-
tively of major folds; more massive beds, on the other
hand, show only slight change in thickness. (Figure C
(a)).
Whereas most of the folds in the area, regardless
of size, have axial lines which agree with the regional
gentle north fold plunge, there are important exceptions.
In the northeast corner of the area, and within the
Saltash structural unit folds plunge moderately to
steeply east at a large angle to the regional folds. In
the first case these folds (approximately in a) have
been escribed to a second deformation with axis of
(a) Attenuation of Fold Limbs of Incompetent Beds, Fracture Cleavage
developed in Competent Beds. Sketched from outcrop, Clarendon
Lonj ptofile 4.hrough a. doubij plungjnq a.nkicAilne
c-omponewins o1 ski p
stre.LMing , direction
(b) Development of Streaming Subnormal to Fold Axis in Doubly
Plunging Fold
Figure 6 Folding
maximum shortening normal to tnat of the major deforma-
tion (Hawkes, 1940, p. 118). This explanation is not
yet supported by adequate field work. In the Saltash
unit, however, an alternate suggestion for the evolu-
tion of the prevalent down-dip folds was advanced. It
is believed that converging movements in a north-south
direction were accompanied by the normal east-over-west
passage of rocks on the east limb of the anticlinorium.
Limited shortening in the B axis of the ellipsoid could
be traced to the presence of marginal resistant masses
in the basement immediately underlying and directly af-
fecting the Saltash. Lack of confirmatory evidence in
the basement structure appears to preclude a second de-
formation in this case with strain axes normal to the
regional deformation.
Much of the microscopic "streaming" observed at
a large angle to fold axes in the foliation surfaces ap-
pears to be a corrugation or gentle undulation of the
micaceous surfaces (Plate 0). These are in a sense a
folds. In their most conspicuous development the folds
sheath the surfaces of stretched pebbles and quartz rods
in which their form is symmetrical about the ac plane.
These down-dip corrugations are again believed due to
movement parallel to the axis or corrugation, or a; as
poles to the mica in the surfaces would describe an
incomplete a-axis girdle this would be in a sense move-
ment normal to a girdle. It seems clear that the girdle
has not arisen through rolling about the a axis, but
rather as a consequence of the mechanical roughness of
the slip surfaces in which projecting granular materials
produced a slickensiding corrugation in a micaceous
folia, in one direction of slip. It is furthermore held
by some that subsidiary folds normal to principal folds
(as found here) are entirely compatible with a single
act of deformation (Kvale, 1947, p. 248; Strand, 1944,
p. 22, 25).
In order to explain certain anomalies of fold pat-
tern, such as those found locally in the Rutland area,
Bain has proposed a theory of flovage folding (Bain,
1931) in which analogy was made to the movements of hot
tar from the crest of a road. Or, as he writes, "....
due to load on the sides of .. rising areas slumping
into .. sinking ones." (p. 525). In spite of the shal-
low source for such movements, he ascribes the result-
ing deformation to the "zone of flowage" (p. 521, 523)
implying, in the application to marble, the importance
of processes other than hydroplasticity. The need for
such an ingenious mechanism arises in attempting to ex-
plain minor folds whose movement sense is not consistent
with their position in a folded structure. Examples are
shown in Figure 7 . A fold pattern opposite to that of
(a) Folded Dolomite and Sandstone of Monkton Quartzite showing
Bedding, Normal and iteverse Folds and Cross Lamination.
Large outcrop 1 miles south of Clarendon Village
(b) Drag Fold in Monkton dolomite showing Small Normal and
Aeverse folds. Mill River at route 7, Clarendon
Figure 7 Aeverse Folds in Dolomite-Sandstone
the normal pattern of drag folds is understandable if
the action of slumping into synclinal troughs is assumed.
It is unfortunate that reversed folds have only
been seen in carbonate rocks, where consistency of struc-
tural features is not the rule. Examination of these
structures has not as yet provided an explanation of their
formation which is satisfactory in all respects.
The hypothesis of flowage folding is tempting but
its acceptance introduces serious difficulties. Funda-
mentally the deforming movements in flowage folding are
the direct reverse of those which have unauestionably
existed as the result of the arching of a layered se-
quence. Therefore the formation of flowage folds and
normal drag folds (now adjacent in the rocks) must have
taken place at different times in the structural history.
Flowage folds might have originated late in the period
of sedimentation (penecontemporaneous deformation, Shrock,
1948, p. 467) or during lapses in or following the prin-
cipal tectonic events which have produced the major
structural pattern. The early origin appears unlikely
since flowage folds are sometimes found in highly deformed
marble, and express a trough-ward yielding even in small
folds obviously occurring later and not related to early
history. Late formation is indicated, as Bain suggests,
but it seems very unlikely however that gravity slumping
would be a sufficiently powerful means of deforming
rocks already rendered dense and crystalline. As yet
no refolding of either reverse, or normal drag folds
by the other has been observed; such a relationship
might further define the casual movements. At this
point the origin of reverse drag folds remains as one
of the unsolved and perplexing features of carbonate
deformation.
Rotated Porphyroblasts and Pebbles
Porphyroblasts and suitably fractured pebbles
commonly preserve certain components of the deforming
movements of the enclosing rocks, while providing
fundamental information about the time relation of meta.
morphism and deformation. Their significance has been
noted by Magge (1930), Heim (1921), Dale (1902), Becke
(1924), Schmidt (1918) and many others.
In thin section albite, magnetite and pyrite often
show trailing streamers of ribbon quartz, the arrange-
ment indicating a rotational movement (Plate 6, Figure
1, Plate 8 , Figure 2). Albite furthermore may show
an S-shaped internal arrangement of inclusions which is
assumed to indicate a rotation coincident with growth,
(Mugge, 1930, p. 32) the nature of the internal arrange-
ment indicating the rotation sense. (Plate 7, Figure 2,
Plate P, Figure 2). In rare cases fractured pebbles
Figure 1. Pyrite porphyroblast from black phyllite;
pressure shadows of quartz indicate counterclock-
wise rotation Grahamville formation, Sherburne
(crossed Nicols) Nlo
Figure 2. Albite porphyroblasts in quartz-sericite-
chlorite schist. Planar inclusions of quartz
and sericite are aligned nearly normal to folia-
tion. Crahamville formation, W. Bridgewater
(crossed Nicols) xio
Plate G, Porphyroblasts
Figure 1. Broken microcline pebble from Nickwacket
grit of the PMendon formation. Upper fragment
has been moved to the right with respect to the
lower. Section is approximately normal to folia-
tion and fold axes. Cose Mountain, Pittsford.
(crossed Nicols) xto
Figure 2. Spirals of chlorite, tourmaline and opaque
minerals within albite porphyroblasts in upper
Pinney Hollow schist, section normal to fold axes.
Rotation of about 90 degrees has taken place during
growth of the albite. The typical relationship of
slip cleavage and porphyroblast rotation is also
shown. Sherburne. (crossed Nicols) -A to
Plate 7. Rotation Sense from Pebbles and
Porphyroblasts
Figure 1. Quartz replacing folded mica in sericite-
chlorite schist, Saltash formation, Sherburne
Village. (crossed Nicols) - so
Figure 2. Albite porphyroblast with external quartz
prer-sure shadows and internal spirals of quartz
inclusions. Movement sense is not in agreement.
Grahamville formation, Sherburne. (crossed Nicols)
Plate $, Porphyroblasts
indicate the rotation sense of the fracturing movements.
(Plate T, Figure 1). None of these rotated materials
exceeds a millimeter in diameter, and hence are only
visible in polished section or thin section. The rota-
tion axis is approximately b or the fold axes.
Albite with round or elliptical cross section
very commonly encloses quartz, sericite, chlorite,
graphite and ilmenite inclusions arranged in planes
within the albite grain (Plate 6, Figure 2). These
planes are at a large angle to bedding foliation and
appear to be orientated uniformly throughout the rock
as(hol) surfaces with reference to the fabri' axes a,
b, and c. The inclusion planes pass intact through
(010) twin boundaries and in a single instance cross
the boundary of adjacent albite grains. These inclu-
sion planes define the intraformational rotation of
some of the albite porphyroblasts, with the innermost
segment of the surviving surface at angles up to 90
degrees with the outermost. The radius of curvature
typically decreases outward but this could reflect
changes in either of two independent functions, the
velocity of shear, and the rate of growth of the
porphyroblast. Rotation during growth is occasionally
followed by rotation in which the albite acts exactly
as pyrite and magnetite, and develops delicate exterior
pressure shadows of granular quartz and chlorite (Plate
8, Figure 2) similar to those described by M4'gge (1930,
p. 48).
It was discovered that the rotation sense of
porphyroblasts was not entirely reliable. Thus a case
was noted in which internal and external features in-
dicated an opposite rotation,(Plate 7, Figure 2) anoter
in which adjacent grains had differing internal spirals
and finally an example of quartz growth which had re-
placed part of a folded schist (Plate 7 , Figure 1) re-
taining traces of S-shapes similar to those assigned to
the completely different mode of origin in the albites.
In the majority of the rolled structures, however,
rotation-sense agrees with that indicated by minor folds
and map pattern. Caution should nevertheless be used in
the application of these features and the possibility of
origin of internal spirals by replacement borne in
mind.
Certain aspects of rotated porphyroblasts have
fundamental significance in rock deformation and meta-
morphism. The fact that grains in a deforming rock do
apparently rotate about b is significant (Fairbairn,
1936). In addition the fact of growth during shearing
movements precludes the possibility that porphyroblasts
form only in rocks by recrystallization under compressive
stress normal to bedding, or "after flowage has ceased"
(Leith, 1905, p. 182) (Leith and Mead, 1915, p. 111, 180).
Finally it is clear that deformation and grain growth
are processes of considerably duration,_ and should in
i/A complex case illustrates this: Innermost
straight inclusions in an albite grain suggest early
growth without deformation; an outer spiral signifies
later rotation during growth. Cessation of growth with
continued rotation is next seen in external pressure
shadows on the albite grain, and final slight movements
are reflected in the mild straining induced in the
quartz of the pressure shadows.
no sense of the word be considered catastrophic (pointed
out by Becke, 1924, p. 198).
Linear Features
Linear elements consist of (1) elongate pebble
and quartz pods, mineral lineation, (2) streaming and
corrugation subnormal to fold axes, and folds, crinkles,
boudinage and (3) the intersections of foliation with
fracture cleavage and slip cleavage in a direction
parallel to fold axes. These features are shown in
Figure B and described in some detail below.
Streaming, Mineral Lineation, Corrugation Subnormal to
Fold Axes
Distinctly visible lineation commonly occurs on
foliation surfaces in a direction sub-parallel to the
dip (Plates 9, 10). It consists of tiny ridge-and-
furrow surface irregularity, strewn out mineral fragments
Figure 8 Block Diagram illustrating Minor Structural Features.
Figure 1. Lineation in the foliation plane in Pinney
Hollow phyllite. Small folds (b) incline gently
to the rirht; mica elongation (a) inclines steeply
to the right. Pittsfield.
igure 2. Lineation in the foliation plane of a stretched
conglomerate from the Tyson formation, Dry Hill,
Plymouth. The axes of crinkles are horizontal, stream-
ing, crenulation incline to the left in a direction
parallel to the elongation of the stretched pebbles.
Plate 1, Lineation
2W 0-
ce 9eZ
Grit, S&tash formation, Sherburne. Cut section
on upper surflace of- specimen is foliation. The linea-
tion visible is due to parallel arrangement of chlorite
and opaque mineral groups, and sericite elongation.
Folds nearby are abnormal and have axes parallel to
this lineation.
Plate 10, Lineation
and less commonly elongate biotite, chlorite and opaques;
dark streaks in the foliation resolve microscopically to
broken, scattered dark mica flakes and the slickensided
surface texture to elongate sericite flakes in tiny un-
dulating discontinuous folds. This linear structure par-
allels the direction of elongation of stretched pebbles
and is approximately normal to the rupture line in boudin-
age and to the axis of rotation of rolled porphyroblasts.
It apparently represents the a direction or direction of
tectonic transport in these rocks. This lineation is
rarely repeated in more than one direction in the folia-
tion, suggesting that at least during the stage of de-
formation when movement was recorded this movement was
undirectional.
Fold axes and subnormal lineation commonly occur
together in foliation surfaces, and their angular rela-
tionship could be easily determined. The two directions
are rarely perpendicular, but intersect at angles of 55
to 90 degrees (see also Thompson, 1950, p. 91; Osberg,
1952, p. 90). Since these directions have been assumed
to represent the b and a fabric axes, this relationship
is rather startling as a is always considered perpen-
dicular to b (Fairbairn, 1949, p. 6; Cloos, 1946, p. 5).
The explanation is that flexural folding of a doubly
plunging anticline requires a limited amount of slip
.~ -
parallel to its axis (Figure e, b). Considering seg-
ments of a limb on such a structure, the differential
movement in folding would consist not only of the cus-
tomary slippage normal to the fold axis, but slight slip
parallel to it, with upper beds moving in the direction
of the longitudinal crest of the fold. The combination
of these components gives an overall slip direction in-
clined to the fold axis; variation from perpendicular-
ity with the axis is in the direction of the fold plunge,
its magnitude dependent upon the relative intensities of
folding parallel and normal to the structure. Thus in
eastern part of the map area fold axes plunge gently
north and streaming plunges moderately northeast with
the angle of intersection in the foliation about 60 de-
grees. This is in agreement with the regional north
plunge of the Green Mountain anticlinorium. Elsewhere
in small folds with south or very small plunge, stream-
ing plunges southerly or is normal to fold axes respec-
tively.-/ In conclusion, the critical fabric axis a
_/Kvale has described widespread lineation, appar-
ently a streaming and mineral elongation which is inclined
to fold axes at angles other than 90 degrees. The writer
is unable to agree with Kvale (1947, p. 54) that linea-
tion not normal to fold axes must be older than the folds.
This possibility could be readily examined as follows:
Paper is placed on the surface of a fold and linear
elements traced from both limbs of the fold. When the
paper is unfolded to a flat surface the relation of traced
segments could be examined. These were never observed to
fall on a straight line, as would be expected if the linea-
tion had.been an earlier feature which had undergone later
folding.
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(Fairbairn, 1949, p. 5) should not be assumed to be per-
pendicular to plunging fold axes. As indicated here a
may quite validly be inclined to these axes, which is
indeed the case with streaming and mineral lineation in
the Rutland area.
Boudinage
Boudinage (Cloos, 1946, p. 17) occurs in a few
places in the basement complex and in the carbonates of
the Rutland syncline, but neither environment permits ac-
curate determination of the local movement picture. The
general tendency is for the rupture line of the boudin
to parallel fold axes, which would indicate stretching
sub-normal to fold axes. As Thompson points out (1950,
p. 111, 120) boudinage is a tension phenomenon with the
relatively competent, more brittle beds yielding to
tension failure permitting the less competent surround-
ing material to flow into the opening. He has utilized
this principle in establishing a a scale of competency
for rocks in the Ludlow area.
Pebble and Quartz Pod Elongation, Rodding
Pebble and quartz pod elongation together with
rodding are linear elements in foliation surfaces and
are oriented subnormal to fold axes and parallel to
streaming.
Rodding is the term applied to rods, pencils and
other column-shaped structures. These are generally
composed of folded thin quartzite beds or veinlets of
quartz and are peculiar to the areas of strong down-
dip folding (discussed above under "Folds"). Rodding
develops there from the intersection of various planar
features with folds in a direction parallel to the fold
axes.
Conspicuous thin quartz veinlets and folded quartz
pods are abundant throughout the argillaceous eastern
sequence and in the Moosalamoo and Hortonville phyllites.
These discontinuous, somewhat shapeless masses parallel
the foliation and are occasionally elongate in a direc-
tion subnormal to fold axes. The pods may represent
dismembered thin quartzite beds, but based on comparable
quartzite deformation elsewhere boudinage should be evi-
dent. In all probability the pods and lenses formed as
such during metamorphism and deformation. (See "Meta-
somatism"?)
Pebbles- from all of the basal Cambro-Ordovician
JThe term "pebble" denotes all distinctly clastic
grains larger than a quarter inch. A diametric classi-
fication might be preferable following the practice of
sedimentologists but, as the materials are all deformed,
mean diameter is not always an obvious feature. As the
term "pebble" seems to be commonly used elsewhere in the
description of deformed conglomerates, this usage is ac-
cepted here.
units are deformed into ellipsoids. The long and inter-
mediate axes of the shapes are invariably in the foliation
surface with the long axis subnormal to fold axes and
parallel to streaming (Plate S, Figure 2). Some idea
of the initial condition of these pebbles is given by
Osberg from his discovery of relatively undeformed samples
in the trough of a syncline in the East Middlebury area
(1952, p. 90). These have a shape index which is simi-
lar to that of beach and glacial gravels (Pettijohn,
1949, Table 49, p. 201). The present shape of larger
pebbles is approximately that of ellipsoids with ratios
of major and minor ages ranging from 2 to 6. In a
strict sense variance from ellipsoidal shape appears in
lenticular cross sections, pointed ends and ends of dif-
ferent curvature. These ellipsoidal pebbles down to an
inch in mean diameter lie with major and mean axes par-
allel to banding and foliation even in the noses of folds.
At North Sherburne and Bear Mountain, Wallingford, tight
folding has produced canoe and S-shaped forms from the
stretched grains. The grit matrix of the conglomerates
is often strongly crinkled with development of slip
cleavage; this axial plane cleavage nowhere parallels
the elongation direction of the pebbles but is truncated
against the pebble surface. Smaller pebbles commonly
show less deformation than large ones, but even those
visible in thin section have lenticular shape with
major-minor axial ratio of about 1.3. Microcline grains
up to half an inch in size are often highly angular and
are broken and strewn in the foliation, contrasting with
the quartz deformation in showing none of the typical
undulose strain phenomena (Plate 7, Figure 1).
Neither time nor exposure permitted the statis-
tical study of pebble dimensions in the area, nor was
it possible to investigate thoroughly the relation of
deformation to grain size and composition of pebble.
The quartz and mica fabric of deformed conglomerates
will be described elsewhere by the writer.
In view of the significance of stretching in the
study of rock deformation, it is of some value to com-
pare the meagre data from this area with that from
certain other localities. Pebbles (Oftedahl, 1949, p.
477; Thompson, 1950, p. 104) and fossils (Heim, 1878,
p. 61) are commonly flattened or elongate in bedding
or in a foliation parallel to bedding. Yet this is not
universal for pebbles (Fairbairn, 1936) and ooids (Cloos,
1947) may have major and intermediate axes in an axial
plane foliation. The orientation of the long axis is
even more variable than the planar relationships. In
contrast to pebbles from the Rutland area Strand (1944,
p. 17), Fairbairn (1936) and Kvale (1947, p. 28) report
pebble elongation parallel to fold axis, or fabric b.
Elongation in a is described in Vermont by Thompson, and
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Osberg (1952, p. 90), in Norway (Oftedahl), in Maryland
(Cloos) and in the Alps (Heim). It is clear then that
conglomerate deformation of the Rutland area is easily
matched elsewhere with regard to the orientation of
pebble ellipsoids. The explanation of this pattern of
deformation remains.
The observation that the pebbles lie with long and
intermediate axes in the bedding plane may have consid-
erable significance. In a medium undergoing change of
shape by simultaneous slip on parallel surfaces, a
spherical body should theoretically change to an ellip-
soid with long axis inclined to the slip surfaces. This
is, of course, the concept of the strain ellipsoid, and
it will be recalled that the AB ellipsoid planes should
parallel axial planes of folds. (Billings, 1942, Figures
183, 184, 189). Now in the stretched pebbles an approxi-
mation to ellipsoidal shape is produced from forms which
were originally more nearly spherical. The tAB plane"
of the pebbles is invariably inclined to axial planes
and is parallel to foliation which has elsewhere served
as a surface of shearing movement. Elongation of pebbles
has taken place parallel to the slip surfaces, the move-
ment on which accounts for nearly all of the other struc-
tural features of the area. This elongation parallel to
slip surfaces in the surrounding rock might be explained
by a combination of slip and rotation, or by the assumption
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of a deforming mechanism for the pebbles different from
that of the enclosing incompetent rock. In explaining
a Norwegian occurrence similar to that found in the
Rutland area, Oftedahl (1948, p. 484) believes that
ellipsoidal form is due to homogeneous slip (in the man-
ner of the strain ellipsoid analogy) followed by rota-
tion of the ellipsoidal pebble within the rock matrix
into parallelism with the slip surfaces. Now rotation
of this sort should leave its mark. The pebbles of the
Rutland area lie in a foliate matrix with weak banding
of granular and micaceous minerals and this banding in
its parallelism with distinct quartzose and limey beds
is considered primary. The banding is sufficiently
distinct so that its course can be traced through deli-
cate folds and slip cleavage. The pebbles do not ap-
pear to have locally disturbed these delicate surfaces
in the process of becoming elongate parallel with them
although rotation would have been of the order of 30
degrees. Therefore Oftedahlts hypothesis of slip and
subsequent rotation is not considered applicable. A
mechanism other than homogeneous slip on parallel sur-
faces must have been a ruling factor in the development
of pebble elongation here. It is tentatively suggested
that flattening normal to foliation has been important.-'
JThe non-rotational quartz overgrowths on magnet-
ite and pyrite from this study and elsewhere may be
recalled. These must be considered due to flattening,
and an indication that such movements can occur in these
rocks.
It may be possible to trace this to some purely mechani-
cal process or to a load recrystallization, either of
which has produced maximum shortening normal to folia-
tion, and maximum elongation in the foliation in the di-
rection of maximum slip in the surrounding rocks.
General Considerations of the Fabric
Certain features of the fabric of the rocks of
the Rutland area deserve mention in that they can often
be used to relate deformation to metamorphism. In gen-
eral these processes must have been simultaneous although
in detail they were probably of somewhat intermittent
character and of varying degrees of intensity aerially
and in time.
A feature termed "Y-fabric" universally charact-
erizes the fabric of the Cambro-Ordovician and marginal
parts of the pre-Cambrian basement complex. It consists
of grain boundary intersections at about 120 degrees in
quartz and carbonates, a Y pattern being formed at such
intersections of three grains. From the manner in which
it occurs Y-fabric is regarded as a recrystallization
phenomenon. It is least well developed in the massive
flat-lying dolomite of the Rutland syncline where recrys-
tallization appears to have advanced slightly beyond the
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secondary enlargement stage. In the basement quartzite
Y-fabric is restricted to thin intergrain zones in
which clear equant quartz contrasts with angular undu-
lose fragments of original quartzite; here crushing
was probably followed by annealing of the crushed in-
tergrain quartz. Y-fabric is widespread in the younger
rocks containing quartz and carbonates. The quartz ma-
trix of intensely deformed conglomerate, and the dolo-
mite in tight folds rarely show the anticipated features
of strain such as lamellae, twinning, variable extinc-
tion, variable grain size and cataclastic structure.
In this regard the contrast with pre-Cambrian rocks
may be traced to the fact that the younger materials
were originally finer grained and would consequently
have a greater tendency to recrystallize than their
counterparts with texture already coarser than that
which the younger rocks would develop. In regarding
Y-fabric as the product of annealing, as suggested by
theoretical studies of metals (Harker and Parker, 1934),
it is clear that this annealing must have continued
beyond the final stages of deformation. This sugges-
tion that metamorphism (here regarded as recrystalliza-
tion) as a general rule extended beyond the important
movement phase in the rocks agrees, of course, with the
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occurrence of undeformed chloritoid and biotite porphyro-
blasts.
Weiss uses the term "polygonal arches" (1949,
Plate 2) to describe another feature appearing here
(Plate 5, Figure 1). These are tiny folds which are
defined by tabular grains of mica. Recrystallization
has apparently erased bending and other traces of grain
irregularity which undoubtedly existed as a result of
the tight folding. The arches are apparently associ-
ated with slip cleavage (writerts interpretation of
Weiss, idem; Ch'ih, 1950, Plate 2, Figure 6) but give
no indication of mica recrystallization parallel to
this axial plane feature.
Although recrystallization has apparently suc-
ceeded the major stage of deformation and produced
"annealed fabric", lenticules and augen testify to
earlier crushing and granulation (Knopf, 1931, p. 16,
Harker, 1932, p. 167). Lenticules and augen-structure
are widespread in the basement gneiss but are poorly
preserved in Cambro-Ordovician grits and quartzite.
These structures range from microscopic size to an inch
in maximum dimension. Their formation seems to require
a predominantly granular lithology, with a few per cent
of micaceous minerals. Quartz and feldspar fragments
typically form the core of the lenticule or augen composed
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of ecuigranular small grains of the same material. Thin
films of mica and opaques separate the lenticules. With
the increase of mica in the rock these structures are
seldom formed. Their significance again lies in the
indication of thorough recrystallization following the
principal period of deformation.
Summary of Minor Structural Features
Minor structural features are in a general way
compatible with the major structure. This compatibil-
ity is expressed in the agreement of rotational features
with the mechanical requirements of larger scale flex-
ural folding, and in linear features by agreement with
either the regional axis of folding, or with the pre-
sumed direction of overall tectonic transport.
Compositional banding and the principal rock
foliation consistently parallel bedding although these
planar features may have been accentuated during deforma-
tion and metamorphism. Slip cleavage, fracture cleav-
age and joints relate to an advanced stage of metamorph-
ism.
Major folding has produced subsidiary minor folds
which are assymetric, overturned or recumbent. At an
advanced stage of the folding of argillaceous rocks
slip cleavage was developed parallel to fold axial planes.
w_
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The movement sense associated with slip cleavage is often
ambiguous but is believed to be always compatible with
the movement on larger associated fold limbs. Flow cleav-
age was not detected, but the name might readily be ap-
plied to certain varieties of slip cleavage.
Rotation and flattening is locally expressed by
internal spirals in albite, and by external overgrowth
of quartz and chlorite on albite, magnetite and pyrite.
The reliability of these rotational features is somewhat
weakened by local disagreement of internal and external
patterns.
There are two principal systems of lineation.
Crinkles and folds and the intersections of folication
with fracture and slip cleavage are parallel to the
direction of regional fold axes. Elongation of pebbles,
streaming and crenulation are in a direction subnormal
to fold axes. The regional movement pattern indicates
that the latter is the a fabric axis. Divergence from
perpendicularity of these assumed contemporaneous linea-
tion systems is explainable by examination of the
mechanism of doubly plunging folds.
Quartzite pebbles and rods are elongate subnormal
to fold axes with mean and major axes in the foliation
(slip surface in the surrounding rocks). The deforma-
tion is ascribed to flattening in the foliation rather
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than to uniform shear on surfaces parallel to foliation.
Y-fabric, polygonal arches of mica, and relics of
lenticular and augen structure reflect widespread post-
deformational recrystallization or annealing in the
younger rocks. With the exception of chloritoid and
biotite porphyroblasts grain growth has taken place
parallel to foliation even in the limbs of small folds.
Growth in fold crests may produce larger grains than on
the limbs, but even here new mica grains retain paral-
lelism with bent foliation.
In general terminology the deformation is char-
acterized by flowage rather than rupture. Observable
folds of all magnitudes have thickened crests and at-
tenuated limbs; stretching and bending is common whereas
microfracturing and faulting is rare. It is impossible,
however, to assess the thoroughness of annealing in
erasing early ruptural strain.
Slip on surfaces of foliation appears to be the
fundamental mechanism by which most of the rocks ac-
quired their present structural features. This slip
has produced folds and a variety of linear features
sub-normal to them in all but the most competent strata.
Conglomerate and quartzite have more strongly resisted
bedding plane shearing, but appear to have yielded to
flattening normal to bedding.
Time Relationship of Deformation and Metamorphism
The basement complex of the Green Mountains has
undergone an episode of deformation and metamorphism
clearly younger than the period of folding and intrusion
which produced its overall trend and mineralogic char-
acter. In all probability the younger deformation and
metamorphism occurred simultaneously, although miner-
alogic changes appear to be more widespread than struc-
tural changes.
In spite of the occurrence of at least two orogen-
ies of significantly differing ages, the recorded miner-
alogical and structural changes conform to a single
general pattern. Likely reasons for this situation are
that the younger episode either completely erased all
earlier mineralogic and structural features, or that
both episodes were entirely similar in nature of meta-
morphism and in movement pattern. From structural con-
siderations the latter is more probable.
Deformation and metamorphism of Cambro-Ordovician
rocks were nearly simultaneous processes,but it has been
frequently emphasized that in a detailed sense the pro-
cesses have been intermittent, overlapping and of con-
siderable duration. Larger structures have been folded,
refolded and faulted. Porphyroblasts have grown, been
rotated intermittently, with rotational deformation often
succeeded by flattening. Early porphyroblasts have
been disrupted while the youngest grew independently
of rock structure. Neither metamorphism nor deforma-
tion therefore can be considered catastrophic or widely
separated in time.
83.
GRAIN ORIENTATION
The study of grain orientation in deformed rocks is
a natural outgrowth of the examination and correlation of
their larger scale structural features. In one sense, micro-
scopic study of rock fabric is simply a continuation of the
mapping and integration of features observed in the field;
it is essentially mapping but on a smaller scale. In a more
fundamental sense knowledge of grain orientation, both of
dimensional and lattice arrangement in a rock should lead to
clearer understanding of the mechanics of deformation than
is possible from megascopic study alone.
The rocks of the Rutland are aptly suited to study of
mineral orientation. Ro!, deformation is expressed in a
great variety of structural elements which are found in
many different rock types and in many different deformational
environments. The major elements of the movement patterns in
the area are clear, and many of the minor structural features
have been integreted successfully into this large scale
pattern. Structurally then, a megascopic framework is avail-
able from which more fundamental investigations of grain
orientation can proceed.
In this study questions arise which are perhaps common
to any structural analysis and other questions are suggested
by the unique features of this particular area. In rock
deformation changes occur in the shape of the units involved,
due probably to some combination of componental movements,
either (1) direct movement such as grain rotation, fracture
or gliding or (2) indirect movement such as recrystallization
(Fairbairn,1949, p. 163). It is of fundamental importance
to assess if possible the relative importance of these dif-
ferent processes and to determine their sequence in the
deformational history of the region.
Since this is an attempt to outline processes based
on the end result, considerable reliance must be placed on
analogy with metal and synthetic deformation. Unfortunately,
few pertinent studies have been made, and therefore few basic
facts are available. It must be clearly understood, therefore,
that the conclusions reached as a result of this study are
based largely upon exploratory investigation of final deforma-
tional patterns. No attempt was made to scan all aspects of
grain orientation, but rather to choose a few minerals which
had either received considerable attention in the past, which
had been examined experimentally, or those which have crystal
structural features which permit evaluation of various aspects
of intragrain deformation.
Dolomite and limestone are widely distributed in the
Rutland area in a variety of deformational environments. In
addition, pertinent experimentation is in progress in the
deformation of calcite and dolomite mprble. Finally, the
existence and geometry of intragrain deformation in calcite
and dolomite have been rather clearly demonstrated.
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A second field of investigation included deformed
quartzite pebbles, inasmuch as these are easily available and
appear to offer one of the best opportunities for the study
of the mechanics of elongation in rocks.
Finally, the nature of white mica orientation was
examined and an attempt was made to correlate megascopic
features with the potential ability of mica to undergo intra-
grain movement.
Each of these three aspects of grain orientation is
described in the paragraphs to follow with appropriate review
of known experimental data and the results of comparable work
elsewhere. Conclusions on the basic questions raised above
are then presented; and since this investigation is preliminary
in nature, suggestions for future work are outlined.
White Mica Orientation
White mica is perhaps the single most abundant mineral
in the low grade metamorphic rocks of the area. Compositional
data are lacking, but orientation features are obvious and
abundant. A dimensional orientation of micaplates permits most
of the rocks to split into sub-parallel folia and a linear
parallelism of mica grains forms a distinct structural feature
related to folds and stretched pebbles. As both the foliation
and lineation, defined by mica, are planes of slip and directions
of shearing movement respectively, mica orientation is clearly
related to the movement pattern of the area. Other facts than
iN1
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shearing, however, must have entered into the development of
the present mica orientation. Grain growth has been important
if it can be assumed that originally much of the present
lithology was graywacke and shale. Much of this growth has
occurred parallel to primary stratification surfaces which
have served in this area as planes of slip during flexural
folding.
It is sacrecly possible with our prepent knowledge
to explain all of the features of mica orientation, but some
understanding has been gained of the relative importance of
growth and direct componental movement during the deformation
in this region. By the use of the modern methods of petro
fabric analysis it has been possible to define more fully the
well-known dilmensional orientation of mica, to explore the
field of lattice orientation and to examine the relation between
the crystal-structural properties of mica and the kinetic
patterns apparent from field examination.
Lattice and dimensional orientation of white mica
have been studied in (1) rotated porphyroblests, (2) small
folds and (3) stretched pebbles. Of the many possibilities
available for study, these were chosen because the strain
relations in the rocks in question are relatively clear.
Orientation Patterns
Relation to Rotated Porphyroblasts: Streaming and
mineral lineation in a sample of Pinney Hollow phyllite make
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an angle in the foliation surface of about 60 degrees with
a rather weak crinkling. (Plate 9, Figure 1). The rock con-
tains a few percent of magnetite and pyrite porphyroblasts
less than a millimeter in diameter which have external pressure
shadows indicating rotation of the porphyroblastq. (shadows
similer to those of Plate 6, Figure 1). The rotation sense
of the porphyroblasts agrees with the rotation sense given
by the assymetry of the small folds in the rocks.
Normally, it is not possible to locate accurately
the axis of rotation of porphyroblasts, except that it is
roughly equivalent to the fold axis. Here, however, in thin
section cut parallel to the foliation, the ribbons of quartz
(which outline the rotation of the grains) are cut as shown
below in Plate 11. They are clearly parallel to the direction
of streaming and, therefore, at about 60 degrees to the fold
axis. Now it appears reasonable that the quartz ribbons have
grown along tangents to the rotating porphyroblast normal to
its axis of rotation. Therefore, this axis should be normal
to the length of the ribbons, and. in terms of the rock, normal
to streaming. The axis of rotation based on this reasoning,
and during the period of porphyroblast rotation, must have lain
at about 30 degrees to the fold axis in the rock. This is in
agreement with a hypothetical movement pattern in doubly
plunging folds outlined earlier (Figure 6, b). The significnt
point here is that the pattern of the quartz ribbons suggests
that streaming is in the direction of shearing along foliation
surfaces.
Plate 11. Porphyroblast Rotation and Direction of
Streaming in Mica.
Section cut parallel to foliation in a quartz-sericite-
chlorite-albite phyllite of the Pinney Hollow formation,
Plymouth. Cut is normal to rotation axis of rolled
pyrite grain; quartz shadows trend parallel to stream-
ing (vertical) marked by elongate basal plates of mica.
Megascopic fold axes trend from upper right to lower
left making an angle ; 650 with the streaming.
Plate 12. Quartz and i11 t ion in a Fold. Outer
zone of diagram quartz axes: 1-2-3-4-6%. Mica 100 at
center. Rock is a sericite-quartz-chlorite phyllite
of the Pre-Cambrian, Shrewsbury. The slip cleavage
in the rocks is sketched with infIerred movement sense.
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In thin section parallel to foliation, the megascopic
linear structure in this phyllite resolves to well oriented,
highly elongate white mica grains, aligned chlorite laths
and tracts of quartz and dolomite grains. (Plate 12). The
basal planes of the white micaare nearly all parallel in the
foliation.
The (1001 direction in the basal plane of the white
mica is almost universally perpendicular to the streaming.
This optical observation has been verified by X-ray spectrom-
eter (Podolsky, T., oral communication). Quartz orientation
is weak: the grains show little or no dimensional preference,
and optic axes are scattered with weak maxima symmetrical
about the fold axis in position IV ./.
1/ Roman numerals refer to positions of characteristic maxima
in quartz deformational patterns as shown in the Appendix
(Fairbeirn, 1949, p. 11)
Relation to Folds: White mica orientation was examined
in five samples in relation of folds, or to lineat ion which
is parallel to surrounding fold axes. The angle between fold
axes and streaming (fabric axes b and a) varies in these
specimens from 50 to 90 degrees, as does the percentage of
white mica, which varies from 7 to 75 percent.
The lineation subnormal to fold axes is marked in
these specimens by elongate mica, slickensiding in granular
materials and alignment of groups of chlorite, chloritoid
and opaque minerals. In a single specimen from the Grahamville
formation at Plymouth, biotite porphyroblasts are subnormal
to fold axes and elongate in the foliation parallel to stream-
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ing. Due to the very small optic angle of the biotite its
lattice orientation unfortunately could not be determined.
Chlorite end chloritoid are usually shapeless tabular masses
with no obvious lattice or dimensional orientation.
Plates of white mica are nearly parallel in the
foliation. Divergence of mica 0oo0l from fabric c depends
of course on the amount of crinkling around both a and b.
Typically [001) of mica describes an incomplete ac girdle,
with about 30 to 50 degrees of scattering of [001) in the ac
plane. As before the [100]direction of mica is almost
universally normal to streaming, persisting in this orientation
regardless of the angular relation of streaming to fold axes.
Some scattering is evid'ent here also as two of the specimens
give a week maximum of [100 parallel to the fold axis; this
is somewhat significant inasmuch as streaming and the fold axis
are at Pbout 600 in the specimens,
Quartz orientation is weak and somewhat variable. In
specimens containing a large percentage of quartz, optic axes
show distinct maxima parallel to the fold axis or weak (h0l
girdles. With a low percentage of quartz, the optic axes lie
parallel to the ac plane with weak maxima near II which often
coincide with the position of slip cleavage (Plate 12).
Dimensional orientation of quartz is very weak, but in the
case of quartz-rich rocks is elongation parallel to b, and in
quartz-poor rocks elongation parallel to that of the mica grains,
or streaming.
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An example is given in Plate 14 of a strongly folded
quartzite of the Pre-Cambrian with excellent megascopic and
microscopic orientation of quartz and mica. Quartz optic axes
are restricted to the vicinity of the fold axis whereas [1001
of white mica is approximately normal to streaming.
The quartz and mica orientation of a quartzose phyl-
lite are shown in Plate 12. In this rock, in contrast to the
quartzite above, the quartz content is relatively low and the
quartz fabric consists of an ac girdle with maximum ne'ar II,
rather than (hol) girdles and maxima VIII. The orientation
of mica is identical however.
Relation to Stretched Pebbles: In the vicinity of
Dry Hill in Plymouth a thick wedge of conglomerate has been
strongly deformed with maximum stretching or elongation at a
large angle to foldaxes which plunge gently north. The con-
glomerate pebbles are largely quartzite, the matrix a quartz-
sericite-chlorite grit. The mean diameters of the original
pebble 3robably ranged from a fraction of an inch to several
feet. As a result of deformation the pebbles are now flattened
cigar-shaped forms with intermediate and long axes lying para-
llel to foliation, which serves as a surface of shearing move-
ment in the surrounding rocks. The axial ratios of the pebbles
are now as high as 20 to 1 (major to minor axis).
The steeply plunging, or a-lineation is much more
distinct than the gently plunging b-lineation , which are
Figure 1. Quartz axes and white mica [100) from fold showm
below. 190 quartz axes (central zone of diagram): contours
8 - 6-4-3-15i6. 100 [1003 of white mica (margins of diagram);
8-6-4-25. Diagram is oriented in the same position as the
fold in Figure 2.
Figure 2. Side view of a small fold in pre-Cambrian quartzite
from Mendon. The fold axis parallels the upper surface
of the specimen and streaming is nearly vertical. On
both limbs, streaming A fold axes is about 650.
White Mica Orientation in FoldPlat e 14.
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crinkles or tiny folds (Plate 9, Figure 2). The a-lineation
consists of furrows and grooves, long sections through pebbles
and white mica corrugation and elongation. The effect of
gentle folds parallel to pebble elongation is given by mica
which is wrapped around the surfaces of the cigar-shaped
forms. The faintly visible crinkling, the b-lineation, makes
an angle of 50 to 60 degrees with the direction of maximum
pebble elongation.
Poles to the basal plane of white mica, or [0011,
describe incomplete bc girdles which would be anticipated
from the nature of the corrugated foliation surface. In con-
trast to the folded micaceous rocks considered ecrlier, there
is little or no tendency for scattering of {001 in the ac
plane. The line 1001of white mica is strongly concentrated
perpendicular to the direction of maximum stretching of the
pebbles. Comparing this observation with that made in relation
to rotated porphqroblasts, the [l00l orientations of mica
appear to be in excellent agreement, for they are universally
normal to what in both cases is believed to be the direction
of maximum shearing displacement in the rocks.
The quartz fabric of stretched conglomerates is more
fully discussed elsewhere. In summary here, dimensional
orientation is weak, although visible strain phenomena such as
strongly undulose extinction and deformation lamellae are
common. Quartz axes are strongly concentrated in one or two
maxima which lie on incomplete inclined girdles intersecting
in a line perpendicular to the pebble elongation (termed IhO'li
girdles).
p
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Experimental Deformation
Mica is capable of translation parallel to the base
in any of three directions. (MUigge, 1898, p. 100, summarized
by Buerger, 1930; Fairbairn, 1949, p. 103). Translation may
also occur parallel to certain domes and pyramids, but as
these gliding systems have not as yet been worked out they
are not included in this discussion. Muigge described basal
translation in mica from the study of artificially deformed
samples. In view of the significance of potential gliding
systems in mica with regard to the highly oriented mica of
this study, the writer repeated some of YUgge's simpler
experiments and examined as well numerous samples of bent mica
from pegmatites-. The intention was to check Muigge's proposed
gliding system and to note as well any preference during glid
ing for any one of the three possible glide directions.
Migge showed that bending or rupture of mica will
occur upon application of stress; the difference in behavior
probably depends on the velocity of deformation. His procedure
was as follows: If a smoothly pointed rod is gently pressed
normal to the surface of cleavage fragments of mica, a pressure
figure is formed (Figure 9a) with increased pressure, or with
the application of a sharp blow, the percussion figure develops
instead of, or with, the pressure figure (Figure 9bi. The
limbs of the pressure figure represent fold axes, whereas those
of the percussion figure are the traces of weak cleavage or
opttC. plOne.
(a) Ideal Pressure Figure (b) ideal Percussion Figure
opHc. FIOnC
P 14twr tiiu
(c) Induced pressure and per-
cussion figures in g mai.
thick cleavage flake of
pegmatite muscovite.
(d) !atural fcLds in 7 mm. thick
cleavage flake of pegmatite
ruscovite
Fold-- - -------- Au
(f) Positions of Muscovite optic plant
for glidiag about a Siven +cld axis
assuming &I. sUp normal to fil
axis.
(e) Potential glide directions
in muscovite
Figure 9. Gliding in White Mica I
pevycus sion HEywve.
15 15
ruptural surfaces. Based on these figures the plane of gliding
is (001), the glide directions are (lol and (110 and the
bend axes are [010) and [130] .
Following Migge's work the writer prepared numerous
pressure and percussion figures in sheets of mica, checking
the crystallographic orientation by determining the position
of the optic plane. It was assumed that the position of the
optic plane of white mice corresponds to (100) (Winchell, 1951);
this assumption is elsewhere verified by comparison of the
results of optical and X-ray Spectrometer analysis of mica
orientation. Pressure and percussion figures are shown in
Figure 9c in typical patterns in a thin sheet of white mica.
The pressure figures are always incomplete with only one or
two of the three possible limbs of the figure developing. It
is significant that, within the limitations of this rather
crude experimentation, no one limb is formed more commonly
than another. Percussion figures, however, always show a
single strong break parallel to (010) with the two other limbs
less distinct and of variable length.
A dozen or so specimens of mica from pegmatites were
available in which bending was pronounced. It was obvious
that the mica had either grown into bent crystals or had
conformed to folding by some sort of gliding movements, for
there was never any tendency for sheets peeled from the samples
to return to a flat position. Figure 9d illustrates a rather
typical example of folded pegmatite mica. The trends of the
folds parallel the limbs of the pressure figure of Figure 9c.
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The results of the examination of naturally folded
pegmatite, mica, and of induced folds in mica are entirely
in agreement with Muigge's discoveries; it is rather startling
to find such complete accord within a large variety of samples.
The only differing observation is that there is apparently no
preference during gliding for any one of the three potential
glide directions.
However, Larsen and Bridgeman, based on the experimental
deformation of white mica, present evidence that of the three
possible glide directions in the basal plane of mica, the
direction (100 is preferred. (Larsen and Bridgeman, 1938,
p. 92) Disregarding the fact that the deformation was accom-
plished essentially cold and dry, the writer feels, however,
that their conclusions are based on an oversimplified
essumption of the movements which occurred within the compressed
samples. Neither the data recorded for quartz nor the trans-
lation system suggested for calcite appear particularly
significant in view of the petrofabric and experimental facts
known about these minerals. Therefore, only minor importance
is attached to their conclusion that £1001 is the principal
glide direction in white mica, or at least a preferred direction
of the three possible direction, [100 and (1101.
From examination of ball model's illustrating the
structure of muscovite (assumed comparable to that of the white
mica of the Rutland area) there is little to suggest that one
of the three possible gliding directions in the plane (001 is
94.
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preferable. Basal oxygen atoms contained in sheets of silica
tetrahedra are arranged hexagonally (Bragg, 1937, p. 206).
Translation of opposing hexagonal sheets in any of three
directions does not destroy the overall symmetry of the crystal,
although it is possible that second order coordination bonds
arising from atoms beyond the hexagonal sheets may exert minor
influence in the relative size of the energy barriers overcome
in translation along the possible directions. With no further
information on the matter it is held that the three translation
directions are essentially equivalent. Caution is advisable
nevertheless in applying conclusions based on "ordered" ball
model structural analogies which are presumably based on the
study of coarse pegmatite mica; fine-grained, metamorphic rock
mica may not have identical crystal structure.
In summary, the potential gliding directions in white
mica are given in Figure 9e with respect to crystallographic
and optical reference planes. In order to relate this infor-
mation directly to the orientation of white mica as determined
by optical measurement, positions of the optic plane are shown
in relation to a given axis of folding in Figure 9f. There are
three possible positions for the optic plane to permit trans-
lation along the three glide directions.
Summary of Observations and Previous Work
The pertinent observations on mica orientation described
in the preceding paragraphs may be summarized as follows:
1. Dimensional orientation of mica grains is strong, with
poles to the base (001) falling near c. Depending
upon the degree of folding and of corrugation parallel
to either b or a these poles are dispersed in ac or bc
girdles. Mica grains have an elongate shape with the
longest dimension parallel to a in the foliation.
2. The line t1001in mica (equivalent to crystallographic
a, optic Y, or the pole to the optic plane) is almost
invariably perpendicular to a, the direction of tectonic
transport in the rocks. This locates it subparallel to b.
3. Submaxima of mica (1001 in rare cases parallels b and
in these rocks bAa is about 60 degrees.
4. Concentrations of mica £1003 are subnormal to monoclinic
symmetry planes, as defined by megascopic structural
features such as rotated porphyroblasts, stretched
pebbles and some folds.
5. Inasmuch as quartz axes appear both as weak ih09i girdle
concentrations and as ac girdles, mica [100] lies both
normal and subparallel to quartz girdles.
Experimental studies of pegmatite mica and consideration
of the atomic structure of muscovite suggest that a translation
gliding system exists in mica with translation occurring parallel
to (001) along the directions 1100] and [1103.
Few other studies have been made of lattice orientation
of white mica in deformed rocks and the results are often
difficult to compare with the observations made here. This is
I !!!!! I
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principally due to definition of fabric coordinates. The
writer has used field structure for the definition of a, b
and. c whereas others often select coordinates to suit the
symmetry and arrangement of S-surfaces in the individual rocks.
This clearly limits the comparison possible for the kinetic
environment of the rocks described may be uncertain.
Kvale (1945) finds that mica [1001 is normal to
quartz girdles and parallel to a, the direction of tectonic
transport based on field evidence. However, the mica is in
inclined tOklI planes and Kvale assumes that the mica has
undergone translation in these planes parallel to their inter-
section (p. 213). He believes that [1001 is the only trans-
lation direction in the basal plane of mica (p. 205).
Sander describes an orientation of mica [1001 parallel
to a quartz axes ac girdle (1930, p. 215, D 137) and believes
that 1001 is probably the prominent translation direction
in mica.
Ingerson undertook the analysis of an extremely com-
plicated tectonite and found. that [100) of mica is parallel
to b which is defined by the intersection of cleavages and
is parallel to the axes of weak quartz girdles (1936, p. 164).
Lacking the field relationships of this interesting specimen,
comparison with the present study is of little value.
Certain New Zealand rocks, apparently quite similar
to those of the Rutland area, contain mica in which [1001
occurs in two maxima with respect to quartz axes ac girdles
and to b which is apparently the axis of folds (Turner and
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Hutton, 1940). One maximum resembles that of Sander's study
and is parallel to the quartz ac girdle, and the other is
parallel to b and similar to Ingerson's observation.
Within the limits of comparison certain observations
made in this study compare favorably with those described
elsewhere: (1) the occurrence of 1001 subparallel to b
(Ingerson, Turner) and (2) concentration of L100 subnormal
to girdles of quartz axes (Kvale, Ingerson, Turner). None of
the rocks of the Rutland area have mica (lo1 orientation
parallel to a, or ac girdles (Kvale, Sander).
Origin of White Mica Orientation
Broadly speaking, the development of the mica orienta-
tion must be due either to (1) a mechanical process (direct
componental movement) or (2) growth (indirect componental
movement). Obviously growth has occurred for the mica is more
coarsely grained than in the original graywacke and shale. The
general features of the dimensional orientation are probably
due to a great extent to growth, during and possibly following
deformation. The foliation surfaces are slip planes and also
initial bedding planes. In all likelihood these foliation
surfaces offered the most convenient surfaces parallel to which
mica could enlarge. That growth has continued beyond the major
deformation (post-tectonic recrystallization) has been suggested
earlier from the observation of "polygonal arches" of mica (see
"General Considerations of the Fabric") and the rare occurrence
of bent mica grains.
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While growth must have been generally important,
there are certain features of mica orientation which remain
unexplained. These features have a widespread correlation
in the movement pattern and mechanical processes such as
translation gliding may have affected their orientation.
These features include the dimensional orientation of mica
plates parallel to a and the lattice orientation of (1001
normal to a. A perfectly sound bypothesis to explain the
elongation of mica in the principal movement direction would
be one of gliding parallel to (001); one would predict, based
on the experimental evidence, that the direction [10) would
either parallel a or make an angle of 600 with it. (Figure 9a).
This lattice orientation, however, is invariably absent, for
{1001 is nearly always at 900 to a. The writer is frankly
unable to account for this remarkable situation. Several
possibilities can nevertheless be examined:
1. It is entirely possible that the translation system
apparently correct for pegmatite mica and agreeing
with crystal structural analogies does not hold for
the "sericite" of the rocks in question. Turner
and Futton have suggested a similar explanation in
attempting to explain such a relationship in New
Zealand (19L1). With present knowledge, it is not
possible to evaluate this possibility.
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2. The dimensional and lattice orientation of the mica
may be due entirely to growth phenomena. It is
conceivable that growth during deformation might be
guided by differential solubility rates in various
directions in (001) of mica. One would predict on
this basis that (100) would be the least soluble and
growth would favor the development of grains elongate
parallel to 1001 and lying in a, the direction of
maximum ease of growth. In fact, however, little is
known about differing solubilities in minerals and,
therefore, this possible mechanism of orientation
again cannot be assessed.
Finally, growth and mechanical processes may have both
operated to provide an oriented fabric. Translation
gliding might have established a dimensional grain
arrangement with later growth altering the lattice
orientation. Although evidence for post-tectonic
growth is strong, it seems unlikely that it would
have produced strong lattice orientation; based on
the study of quartzite.pebble deformation from this
area, recrystallization appears to weaken patterns
presumably formed by mechanical processes.
Thus in these rocks,which appear to have undergone
but a single deformation, no certain explanation is available
to account for a remarkable dimensional and
lattice orientation of mica. In spite of an invariable
relationship of this orientation to strain axes, growth during
deformation appears to be the most likely hypothesis.
Quartz Orientation in Deformed Pebbles
The field characteristics and megascopic features
of the deformed conglomerates of the Rutland area have been
described in some detail (see "Pebble and Quartz Pod Elongation,
etc.") In review, the quartzite pebbles found at several
localities in the area have pronounced elongation in a direc-
tion subnormal to fold axes. Major-minor axial ratios range
from 3 to 1 to about 20 to 1. Major elongation is parallel
to mineral lineation and streaming, and both major and inter-
mediate axes of the pebbles lie in foliation surfaces.
Stretched conglomerates are particularly significant
in the study of rock deformation because both the initial and
final shapes of the deformed materials are rather accurately
known. Furthermore, in the pebbles which have been strongly
deformed (as for example in the change of axial ratio from 1
to 1 to ratio 20 to 1) it would be anticipated that the fabric
found in the stretched forms might be wholly due to deformation.
Deformed pebble fabrics should, therefore, be relatively "pure"
deformational patterns and of general significance in the study
of rock deformation, except that certain aspects of conglomerate
I
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deformation preclude too much generalization. As suggested
earlier, deformation may have taken place largely through
some mechanism of flattening or load recrystallization, rather
than the generally more important mechanism of slip on a
single set of parallel surfaces. The fabric of stretched
quartzite pebbles should not be expected to reflect the fabric
of surrounding phyllites and schist,
Quartzite pebbles and quartz rods from six localities
were selected for study. In all cases the movement pattern
in the surrounding rocks was fairly clear, from either strati-
graphic considerations, or from minor features such as folds,
slip cleavage or rotated porphyroblasts. In one or two cases
supplementary study was made of quartz and mica in the
surrounding conglomerate matrix.
Fabric of Deformed Pebbles
The fabrics of nine deformed quartz pebbles and one
quartz rod were examined with the results summarized in Table
1 and shown in hemispherical projection of fabric elements in
Plate 15. The degree of quartz orientation of the pebbles as
shown by percent maxima is the highest recorded in rocks of
any kind in the area. Visible strain effects are abundant in
the pebble fabric and include undulose extinction and less
commonly deformation lamellae. WThile it is rather difficult
to establish trends among the various fabric elements, these
are described below and an attempt is made to list those
features common to the fabric of most of the pebbles.
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In the absence of more complete field data, it was
not possible to investigate the relationship between geometri-
cal ratios and the degree of quartz orientation as shown by
percent maxima of quartz axes. Based on the data available
(not given here) it is rather remarkable to note that some
of the highest percent maxima occur in pebbles with axial
ratios ranging from 6 to 1 to 10 to 1, whereas in pebbles with
ratio nearer 20 to 1 the degree of quartz orientation is much
less marked.
Typically there is a great range of grain size in
the quartz of a single pebble which are throughout fragments
of quartzite. Large undulose grains are often imbedded in a
matrix of clear equant finer grained quartz. There is no
particular agreement between the degree of orientation, as
expressed by percent maxima of quartz axes, and either absolute
grain size, or the range of grain size. Thus the highest and
lowest maxima (samples 8 and 5 respectively) occur in pebbles
of about the same texture.
Grain dimensional orientation could be fully evaluated
in those few samples for which more than one thin section is
available. There, quartz is distinctly elongate parallel to
the long axis of the pebble. For the majority of the samples,
the grains of which could be viewed in a section cut parallel
to the b'c plane, dimensional orientation is surprisingly weak.
Grains are slightly longer parallel to b' and simulate the shape
of the pebble. Again there appears to be no correlation between
the degree of dimensional orientation and the degree of lattice
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orientation of quartz, although admittedly the data are
incomplete.
The presumed effects of strain include undulose ex-
tinction, fracturing and sutured grain boundaries. These
effects appear typically in the larger grains within the
pebbles and are absent in the equant, smaller interstitial
grains. Lamellae appear in a few of the samples and are
usually highly oriented in planes making a large angle with
the foliation surface or ab plane of the pebble (Plate 15,
Figure 7b). Too few of these interesting phenomena occur in
the rocks to permit an exhaustive study. In correlating
abundance of strain effects with degree of quartz lattice
orientation, there is at best a weak trend toward higher
orientation in the visibly most strained rocks. It is again
rather notable that in two of the samples (numbers 8 and 10)
with nearly tne largest quartz axis maxima, few visible strain
effects are preserved in the fabric.
As might be anticipated white mica shows strong di-
mensional orientation within and at the surfaces of the pebbles.
This is expressed in concentration of poles to cleavage sur-
faces, or (001) which universally lie subnormal to a or the
long axis of the pebble. In terms of sections cut at right
angles to the long dimension of the pebbles the poles to mica
grains form incomplete girdles parallel to this surface.
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These are b'c girdles which in all likelihood arise from
l Inasmuch as fold axes and the long dimensions of pebbles
(axes b and a respectively) nearly always make an angle
of 50 to 80 degrees in the foliation surface, an axis b'
is used here to permit the convenience of a rectangular
coordinate system. Axis lb'is perpendicular to a and lies
in the foliation surface.
the wrapping of the mica grains about the cigar-shaped pebble
forms. The scatter of poles within these b'c girdles varies
from 20 to nearly 360 degrees. If a single small pebble is
included within a thin section, the poles to its enclosing
mica describe a complete girdle; elsewhere depending on the
size and position of the thin section relative to the pebble,
incomplete or irregular girdles characterize the orientation.
There was no tendency for mica poles to lie in a girdle
parallel to the pebble length, in this case an ac girdle, but
it is apparent from hand specimen that this might be the case
if sampling had included the many tiny folds which cross the
pebble surface subnormal to its long axis (Plate 9, Figure 2).
The position of the line £1001 of mica, which provides
a lattice orientation of this mineral, has been determined in
two of the samples (numbers 1 and 4). As discussed more fully
elsewhere, (see "White Mica Orientation") the strong parallel-
ism of mica (100) with the pebble long axis defines a high
degree of lattice orientation. The scatter of these [100)
lines about a is about 30 to 50 degrees in the ab plane.
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Quartz in the deformed pebbles has clearly the
strongest preferred orientation of any of the quartz or
carbonate bearing rocks examined from the Rutland area.
Quartz axes are grouped into maxima in concentrations which
range from 5 to 16 percent (Table 1). One or more of these
maxima typically occur in incomplete girdles which inter-
sect in the b' axis of the fabric; these girdles are termed
(h0'll girdles in reference to the rectangular coordinate
system, a, b' and c. Seven of the ten samples have quartz
axes which define such girdles; of the seven, the average
angle between the planes of the girdles is 125 1 15 degrees,
the girdles lying nearly symmetrical with respect to the ab'
plane or foliation. Gaps in the girdles commonly occur (sam-
ples 2, 3, 4, 5 and 6) at the intersection of the girdle
with the ac plane.
For convenience the locations or maxima within the
rectangular system ab', c are given a Roman numeral desig-
nation (See Appendix for explanation). Six of the samples
have strong quartz axis maxima which fall near VIII or sub-
parallel to the b' axis of the fabric. Seven of the samples
have maxima lying in the girdles which fall within the area
given the designation IV. Finally several maxima fall near
positions III and II, the latter being the intersection of
the girdle with the ac plane. Clearly there is no great
consistency within the quartz preferred. orientation through-
out the ten samples. Thus maxima at VIII are alone, or are
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associated with maxima at III and IV, and it is rather
difficult to detect a symmetry within the orientation
patterns which is common to all of the samples. The only
conspicuous features are (1) a spacing of the maxima at
about 90 degrees within the girdles or within a common
plane, or (2) a symmetrical position of a pair of maxima
in a common plane through the a axis. The first case is
illustrated by samples 5,6,7, and possibly 3, and the
second by samples 1,2,.4, end 10.
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Dimentional
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Phen
Cy Quartz
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0.2 mm.
9.5-0.05 mm.
0.4 mm
0.1-0.8 mm
0.3 mm
0.4-0.05 mm
0.2 mm.
1.0-0.04 mm
0.06-0.o8 mm.
none
strong:
B>C*
faint
B) C
strong:
B> C
we ak:
B> C
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BC
10.0-0.05 mm.
30% of grains
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grains only
pronoUnced in
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large
none
strong und. ext. in
*, k ains.
rare
e incompletei
8% max. at
h0'Jiigdl. b'c gdl of
II L001; [100}
normal to a
incompletefh0' ll gdl.
9% max. at VIII and
IV
. h0illgld.; 5% max at
none III and IV
none
none
none
conspic.
in large
grains:
are in 2
planes
tOklj at
900
incompletelho'lgdl.
9% max. at VIII
incomplete tho' li gdl.
5% max. at III
excellenttho'ligdl.
7% max. at II
and VIII
two 15% max. in IV
nearly com-
plete bic gdl.
600 spread of
1001tin b'c gdl.
1000 spread
of 10011 in
blc gdl.
1500 spread
in b'c gdl.
400 spread
of 00i in
b Ic, gd.l.
ti
Orientati n 0Sam-Dle Grain ize Phen Grai ns
41 1
Sample Grain Size Dimentional Strain Lamellae Cv Quartz
White Mica
0.03-1.0 mm.
2.0-0.02 mm.
0.02-0.8 mm.
none
none
non no ne Single 16% max. 300 spread of
in VIII t001 in b'c gdl.
rareall show und.
ext.
20% show und.
ext.
none
(h0'li gdl. near
6% max. near
VIII and IV
two sym. 12%
max. in IV
* B>C means grains elongate in b with respect to c
Note: b' is imaginary axis normal to a
(h0'l andi0ll refer to coordinate system: _a, _2' and c
Roman numerals are explained in Appendix
Table 1. Fabric of Deformed Quartzite Pebbles.
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Orientation Phen Grains
Figure 1. (left) Quartzite pebble, Plymouth. Contours
of quartz axes: 1-2-4-6-8%.
Figure 2. (right) Quartzite pebble, Plymouth.
of quartz axes: 2-4-6-8.lo%
Contours
Figure 3.
axes:
Quartzite pebble, Plymouth.
1-2-3-4-5%.
Contours of quartz
Plate 15. Grain Orientation in Stretched
Pebbles
Figure 4(a) (left). Quartzite pebble, Plymouth. Contours
of quartz axes: 2-4-7-9%,
Figure 4(b) (right) Coniglomerate matrix of pebble, Plymouth.
Contours of quartz aces: 1-2-4-6-8.lot
Figure 4(c) Mica from conglomerate matrix. Poles to cleavage,
contours: 2-5-10-15%. [100] lines in mica shown in
center of diagram.
Plate 15. (cont)
Figure 5(a)
quartz
Figure 5(b)
quartz
(left) Quartzite pebble,
axes: 1-2-3-4-5%
(right) Conglomerate matrix.
axes: 1-2-3-4-5%
Mendon. Contours to
Contours to
Figure 6.
axes:
Quartzite pebble,
1-2-4-5-7
Ludlow. Contours to quartz
Plate 15 ( cont)
Figure 7(a) (left) Quartzite pebble, Sherburne. Contours
to quartz axes: 2-4-6-10-14 (15).
Figure 7(b) (right) Same. Quartz with lamellae, contours:
1-5-10-20-32%. Shows approximate location of lamellae.
Foliaton
Figure 8. Quartzite pebble, Bear Mountain, Wallingford.
Contours to quartz axes: 1-2-4-10-16%. Contours to
mica (0001) poles: 1-5-10-15-25%. (Mica dotted lines)
Plate 15 (cont)
o'- 0 C
Figure 9. Quartz rod from Pinney Hollbw formation, Sherburne.
Contours to quartz axes: 1-2-4-5-6,.
Floation t
Figure 10(a) (left) Quartzite pebble, Pine Hill, Proctor.
Contours to quartz axes: 2-4-6-8-120.
Figure 10(b) (right) Conglomerate Matrix Contours to quartz
axes: 1-2-4%.
Plate 15 (cont)
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Comparison of Matrix and Pebble Quartz Orientation
Supplementary study was made of the quartz orientation
in the conglomerate matrix of three of the samples, numbers
4, 5, and 10. The fabrics of these rocks are given in Plate
15, Figures 4, 5, 10, with their respective pebbles. In all
cases study of grain orientation was made within a few inches
of the pebble surface.
There are obvious differences in the fabric of pebble
and matrix. Visible strain phenomena are usually absent in
the quartz of the matrix, which is largely composed of equant
small grains with Y-fabric (See "General Considerations of
the Fabric"). The matrix contains quartz with up to 40 per-
cent albite, sericite and camafic minerals. Pebble texture
is always coarser than that of the matrix.
As shown by samples 4 and 10, quartz axis orientation
is merkedly different between pebble and matrix: (1) the
percent concentration in maxima is much less in the matrix
than in the pebble, although the location of the maxima in
matrix and pebble are approximately the same; in sample number
5, one marginal maxima (position III) of the pebble is entirely
absent in the matrix pattern. (2) There is a noticeable
scattering within the matrix, a tendency to diffuse the sharp
patterns of the pebbles. Quartz axes are less clearly arranged
in IhO'l' girdles in the matrix patterns and in distinct
contrast to their behavior in the pebbles, there seems to be
some tendency for these axes to fall on rather vague b'c
girdles.
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Previous Work
The quartz fabric found here in deformed pebbles has
features which are apparently not too common. Elsewhere
maximum VIII appears in quartzite associated with a girdle
parallel to ab. (Heitanen, 1938, for example). Maximum III
is apparently characteristic of granulites from many
localities; it occurs with symmetrical 1Okl' girdles (Sahama,
1936, for example). Maximum IV occurs rather commonly,
usually in girdles sub-parallel to the ac plane (Fairbairn
1939). Girdles subparallel to the bc plane have been re-
ported by Schmidt (Mugl gneisq: 1925), Kvale (1945), Strand
(1944) and others. )holQgirdles are reported by Balk from
quartzite at thrust faults (1952). Thus most of the observed
fabric elements of the pebbles have been reported but rarely
in the patterns observed here or or in rocks at all similar.
Strand (1944) has published the only detailed work
on the structural petrology of deformed conglomerate. His
study was made of the Bygdin conglomerate of southern Norway.
The pebbles and their environment differ somewhat from these
described here in that (1) deformation hns been much more
intense as axial ratio range up to 80:1.5:, (2) faulting has
been important nearby and (3) folds are commonly arranged
parallel to a, the direction of maximum pebble elongation.
Nevertheless there are many features of this Norwegian
occurrence which resemble the fabric patterns found in the
Rutland area. The principal quartz axis fabric, away from
the thrust faults, consists of be girdles with strong
maxima from 00 to 300 the ab plane (at position VIII and
III of this study). The maxima are roughly symmetrical
about the ab plane, but are often of unequal concentration.
Poles to mica cleavage lie in a similar girdle with axis
corresponding to a, the direction of tectonic transport.
It is apparent from Strand's fabric diagrams that there is
also a tendency for the development of incomplete th0ll
girdles in a few of the specimens.
Strand believes that both the a-folds and a-axis
girdles, and the elongation of pebbles in a are the conse-
quence of a single act of deformation, thrusting in a
direction parallel to a. He suggests the importance of a
triaxial strain relations in the rocks, with quartz orien-
tation the result of movements on bothlOkll and hOl sur-
faces. No further attempt is made to analyze the process
of quartz orientation.
Balk has recently published an interesting analysis
of quartz orientation from the vicinity of thrust faults in
New York and Vermont. Briefly, he finds that quartz fabric,
which was presumably developed as a result of faulting,
consists of be girdles of quartz axes. Maxima occur in Balk's
study at VIII and IV or at angles up to 30 degrees from the
ab plane. Balk directs attention to several occurrences of
incomplete Jh0l1 girdles with one set of paired girdles in-
tersecting at an angle of about 60 degrees in the b axis.
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Aside from careful description of features of orientation
and texture ascribed to faulting, Balk offers little ex-
planation for their development.
It is of interest to compare Balk's results with
those of the Norwegian study. Balk believes that bc girdles
arise through faulting whereas in Strand's single sample
from a thrust contact thrusting has apparently produced a
ac girdle. This variation may be due to several factors,
among them the differences in behavior of conglomerate
pebbles and of tabular quartzite beds. Disregarding this
single feature, the overall quartz fabrics reported by both
of these men are strikingly similar. In the occurrence of
concentrations near the be plane and maxima VIII, III and IV,
these orientations of quartz axes are very similar to those
of this study. This is a rather remarkable feature inasmuch
as faulting is not of general importance in the vicinity of
conglomerate on the Rutland area; indeed the contribution to
the development of present pebble form by shearing on a single
set of parallel surfaces is believed to be negligible. Rather
than accept be girdles as a criterion of faulting (as implied
by Balk's work) the writer prefers to follow Strand and seek
an explanation for pebble form and fabric in terms of a
flattening mechanism involving shear on pairs of symmetrical
planes.
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The Development of Quartz of the Deformed Pebbles
Before attempting to relate the existing quartz fabric
of the pebbles solely to deforming movements, it is necessary
to evaluate the importance of fabric elements preserved from
earlier stages in the history of the rocks. From various
considerations the pebbles of the conglomerates are believed
to be fragments of quartzite. Judging from quartzite perhaps
comparable to the source of these fragments, the pebble quartz
must initially have had a high degree of orientation (note
for example the quartz axis orientation in Pre-Cambrian
quartzite, Plate 14, Figure 2). In order to test this matter
of preservation of early fabric, it is assumed that any relic
fabric elements would not bear a symmetrical relationship with
the coordinate system defined by structural elements obviously
produced by deformation (folds,- slip cleavage and pebble
elongation itself). This assumption seems reasonable although
it is conceivable that in rare cases fortuitous positioning of
the pebble within the conglomerate might have oriented pre-
existing fabric elements parallel to those produced in the
deformation.
With few exceptions existing fabric element in the
quartz orientation patterns bear a symmetrical relationship
to the coordinates ab',c. The very common occurrence of
maximum VIII is noteworthy, also the less common paired III
and IV maxima which are approximately symmetrical about the
ac or ab' planes. {hOlgirdles are symmetrical about the ab'
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plane. While this symmetry with respect to deformation co-
ordinates is by no means perfect, the writer feels justified
in considering the existing fabric elements as due princi-
pally to the operation of deforming movements. On the other
hand, it is also possible that many details of the existing
fabric may relate to inherited features. Significantly, the
four patterns of quartz orientation of samples 1 through 4
have obvious differences although the four rocks were
collected within a small area and have presumably undergone
identical deforming movements. The only apparent explanation
for this is that initial differences in pebble fabric have
somewhat influenced the ultimate deformational fabric. Further-
more, within a single pebble fabric, opposing maxima are often
of somewhat different percent concentration; stated differ-
ently, there often appears to have been a preference for the
development of orientation in one of several possible direc-
tions. This feature might easily relate to preexisting fabric,
at least in terms of the hypothesis of quartz orientation
about to be described.
Any hypothesis of quartz orientation of the pebbles
must explain the following features:
1. Differences in matrix and pebble fabric.
2. The occurrence of highly oriented lamellae
in thO'll and (Okli surfaces.
3. The common orientation of quartz axes in high
concentration in positions VIII, III, IV and II.
4. The scattering of quartz axes in inclined
tho'll girdles.
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Several of these features are summarized in Figure 10, which
includes the maxima and girdles positions of the ten samples
referred to a common folistion surface and a axis.
Matrix quartz grains and the smaller grains within
pebbles typically have weak dimensional orientation and,
compa-red with the overall fabric of the pebble a low degree
of quartz orientation. Based on the shape of these smaller
grains, or their Y-fabric and considerations discussed else-
where they are considered to the products of recrystallization
or annealing. Inasmuch as the degree of quartz lattice
orientation is typically weaker in these recrystallized grains
the processes of growth or recrystallization may have con-
tributed little to the principal lattice orientation in the
pebbles. Apparently, other processes were dominant.
It was suggested earlier that flattening had played
some unknown part in the development of the existing pebble
shapes. This was based on field analysis of the strain re-
lations in the rocks. From examination of the quartz fabric
of the pebbles, there is further evidence of the importance
of flattening movements in their deformation. First, the
general symnetry of the quartz diagrams is not monoclinic
(about the ac symmetry plane), whereas monoclinic symmetry is
characteristic of the many structures formed through shearing
movements: slip cleavage, rotated porphyroblasts and drag
folds.
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Secondly, rare lamellae are oriented in the pebbles in planes
inclined at large angles to the foliation. Fairbairn (1949,
p. 126) and Sander (1930, p. 176) suggest that lamellae are
surfaces of translation and if this is indeed the case here,
flattening parallel to foliation might have been achieved by
shearing movements along these lamellae.
A mechanical development of the fabric, rather than
growth or recrystallization then appears more likely, with
deforming movements producing an elongation of the pebbles
by shear on surfaces inclined at a large angle to the .h'
plane. In order to develop a working hypothesis, the line
m:r) in quartz is assumed to be a glide line with translation
occurring parallel to the prism (m), rhonbohedron (r), base
(c) and other unknown surfaces in the zone about lm:r].
Fairbairn (in part: 1939), Anderson (1948) and Schmidt (1927)
have elsewhere successfully applied this hypothetical trans-
lation system to the explanation of quartz fabric. Fairbairn
discussed the crystal structure of quartz in terms of potential
gliding systems and believes that the line (m:r) is the most
favorable gliding direction; it is apparently impossible,
however, to assign preferred glide planes.
It is next assumed that pebble elongation has resulted
from shearing on paired inclined surfaces in the approximate
position of fh0'll and (Okl lamellae planes. As the principal
change in pebble shape has apparently been elongation in a, the
Jh0'll surfaces are probably of greater significance. The
-
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relative movement along the Lh0'll surfaces was probably in
a directioni normal to the intersection of the planes (the
It is of interest to note that Kvale (1945, p. 213) advocates
a movement on paired inclined surfaces in a direction parallel
to their intersection. In general, however, within a single
act of deformation it is certainly more likely that the move-
ments which have initiated the formation of inclined pairs of
planes would be resolved along the planes to slip perpendicular
to their intersection.
b' axis), thus the preferred location of quartz grains to permit
translation would be with Lm:rl in this direction and the sur-
faces r, m and c parallel to the jh0'lj planes. Assuming (ho'lj
planes at about 300 to the foliation surface, grains of quartz
undergoing translation might assume the positions shown in
Figure 11 (b). Thus if the prism m is utilized as a plane of
glide, quartz axes would fall at position VIII; if the rhombo-
hedron r is the glide plane, axes ou would fall near position
IV, and if the base c is the glide plane, the axes would lie
in position II. Referring to the synoptic diagram of quartz
axes from the pebbles, Figure 11 (a), these maxima VIII, IV
and II clearly characterize the pebble fabric. Undoubtedly,
the original positions of the [hO'll planes (of which for
clarity one is shown in Figure 11 ) were different from
that shown; they were probably inclined to the foliation
initially at about 450*. With change in pebble shape, from
sphere to ellipsoid, [hO'll surfaces may have rotated toward
parallelism with the plane of maximum elongation.
(a) Synoptic diagram of quartz axis orientation in ten samples
of stretched pebbles and quartz pods, rotated -L a. Roman
numerals refer to location of maxima in coordinate system ab',c.
EM -,r]
50-60*
(b) Location of quartz grains in hypothetical slip planes in
a pebble, giving the maxima observed in (a). Quartz is assumed
to undergo translation gliding on c (maxima II), on r (maxima
IV) and on m (maxima VIII), in a direction [m:r]. These faces
are sketched on a quartz crystal (left).
Figure 11 Quartz orientation in Deformed Pebbles
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It is thus possible to explain a development of maxima
VIII, III, IV and II based on a hypothetical gliding system
and the assumption of slip surfaces in the pebbles parallel
to rare lamellae planes. Several important aspects of the
fabric remained unexplained. One is the th0'11 girdles, the
other is the unequivalence or lack of symmetry so apparent in
many of the individual pebble diagrams.
Unequivalence of lack of symmetry of maxima may be due
to the influence of initial (preserved) fabric. Little has
been mentioned here of supposed processes by which quartz
Frains might assume positions preferable for translation
gliding. This might involve either rotation of grains into
preferred positions, or solution-redeposition phenomena
favoring the growth of grains suitably oriented for mechanical
deformation. In either case initial fabric might exert in-
fluence. Grains fortuitously oriented in one of several
positions favorable for mechanical deformation would produce
a deformational fabric which was unbalanced, but the matter
is frankly speculative and discussion must await further study
of deformed conglomerates.
The formation of the thO'll girdles, so clearly a
feature of the pebble fabric (see synoptic diagram, Plate 16,
Figure 2), is also little understood; if it is possible to
make analogy with megascopic minor structures, incomplete
girdles of linear features are explainable. Streaming,
mineral lineation and the axes of minor folds commonly vary
in position within foliation surfaces. They have "maxima"
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which locally define the axes a and b, but range somewhat
about these "maxima" forming "incomplete girdles" parallel
to the principal movement plane, the foliation. Returning
to the scatter of quartz axes within (hO'li slip surfaces
explanation might be similar to that given the megascopic
features. We are dealing necessarily with inhomogenous
media. Neither vertically nor within bedding surfaces are
the layered units of the area uniform. The principal
differential movements should be deflected somewhat within
slip surfaces to accommodate local differences in physical
properties of the rocks. On a smaller scale quartzite pebbles
are perhaps less irregulnr than interbedd.ed phyllite and
sandstone, but neverthelss are texturally inhomogeneous.
Within thol surfaces it is then not unreasonable to find a
scattering of linear elements about a maxima; it is merely a
reflection of the inhomogeneity of the pebbles.
In conclusion,ohypothetical gliding system in quartz
can be applied with some success to the explanation of strong
maxima of quartz axes developed in stretched conglomerate
pebbles. Translation appears likely in view of the orientation
of lamellae in positions favorable for the elongation of the
pebble by slip on symmetrical planes intersecting in b'. Lack
of symmetry and nonequivalence of axis concentrations may
relate to the influence of relic fabric. Spread of quartz
axes about maxima within (hO'll girdles appears reasonable by
analogy with megascopic structural features.
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Grain Orientation in Deformed Carbonate Rocks
Because of their abundance and diverse structural en-
vironments, deformed limestone and dolomite seem to be the
most promising material in the Rutland area for the study of
grain orientation. Experimental data on marble deformation
furthermore provides a means of comparison of natural material
with material deformed under carefully controlled conditions.
Finally, this is a field in which the importance of intra-
grain gliding might be evaluated, inasmuch as the carbonate
minerals have several potential gliding systems known from
experimental deformation and from crystal structure analysis.
In the following analysis the fabric of relatively
undeformed carbonate rocks is first examined to provide a
standard for comparison with more highly deformed samples.
Small scale patterns are next investigated since the strain
framework in small structures can be most accurately deter-
mined and applied to microscopic fabric. These small scale
structures include limestone from a thrust fault, boudinage
and small folds. The regional fabric of dolomite is next
examined in numerous samples taken from widespread thin
stratigraphic units.
Following this description of grain orientation in
the area, gliding systems in the carbonate minerals are
summarized and the experimental data on marble deformation
reviewed. Comparison of fabric patterns here with those
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reported elsewhere is followed by an attempt to explain the
origin of the observed grain orientation.
Of the principal carbonate minerals, calcite and
dolomite, the latter is given the greatest attention here
inasmuch as few limestones are present in the lower Paleo-
zoic rocks of the area. The general results of experimental
studies of calcite marble will be applied in the analysis
of dolomite deformation in the belief that these mineralogi-
cally similar materials behave in a somewhat similar fashion
under stress.
Calcite and Dolomite Fabric Patterns
Undeformed Dolomite: Before relating rock fabric to
deformation, some idea of pre-deformational patterns is needed.
This is particularly necessary here as certain orienting
processes have been active long before the rocks were deformed.
Preferred orientation resulting from processes of deposition
might be anticipated, for many of the carbonate rocks are
calcilutites (composed largely of clastic grains). The shapes
and, therefore, depositional arrangement may have been con-
trolled by the prominent cleavages in the carbonate minerals.
In addition, the process of dolomitization, while an unknown
factor in the Rutland area, may also have contributed to pre-
deformational patterns. Dolomitization as a growth process
may have been guided by primary structural characteristics
of the rocks.
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Unfortunately, there is no evidence at hand in the
area for the determination of likely pre-deformational fabric.
The rocks are all recrystallized and somewhat deformed.
Lacking this evidence but seeking some "standard" for later
use, reference is made first, to Sander's analysis of de-
positional fabric, and second to the actual fabric of the
least deformed rocks of the area.
Based on a study of Alpine Triassic sediments, Sander
has summarized the orientation of dolomite and calcite as
follows: (Sander, 1936)
"Dolomite is commonly without preferred orientation;
has a girdle concentration of optic axes in (bed-
ding). Calcite, without exception shows preferred
orientation; has a concentration of optic axes in
(bedding)."'
"In early formed hollow s-paces...dolomite on the
walls of the druses forms rhombohedrons that
show no preferred orientation either in respect
to the wall of the druse or in respect to the
larger field of the whole rock"..."calcite grows
in cracks..with the optic axis normal to the
surface of growth".
From the rocks of the area three samples of dolomite
were selected showing the least amount of deformation. All
of these are massive thick units which may contain undisturbed
cross-lamination and show no folding or fracture cleavage.
Actually some deformation must have taken place as bedding has
been tilted up to a 45* dip, and bedding surfaces are un-
dulating and somewhat irregular due to stylolitic development.
Nearby thin schist and carbonate beds are commonly folded.
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Texturally these samples have the finest grain size
of any carbonate rocks examined, the grains ranging in size
from 0.01 to 0.08 mm. Grain boundaries are irregular al-
though the grains themselves are nearly equant; there is no
observable dimensional orientation. Rarely is there evidence
of secondary enlargement (Pettijohn, 1949, p. 497), with
dusty rounded grains enclosed by optically continuous clear
dolomite. Grains bounded by cleavable faces are common, but
no twins are present and cleavage traces cut a small per-
centage of the grains.
Fabt'ic patterns of these dolomites are given in
Plate 16, as a sample distribution of dolomite axes (Figure
1) and as a summary diagram shQwing the maxima found. in all
three samples (Figure 2). There is a low concentration of
grain axes. Scattered maxima occur in the margin, forming
an incomplete ac girdle. Significantly perhaps, maxima
favor positions near c and at about 450 to bedding in the
ac plane.
ab girdles which according to Sander are character-
istic of depositional fabric are not conspicuous and{here
in view of the probable history of these rocks, it is sur-
prising. The explanation of the location of the maxima found
is not clear, and lacking additional information on the
history of the rocks further discussion is fruitless.
To have a basis for comparison with more strongly
deformed rocks, it will be assumed that the degree of pre-
ferred orientation shown in the samples above is in a sense
Figure 1. (left) Dolomite from Rutland. Cr--contours: 1 - 2 - 3-%.
Circle shows location of sample on cross-lamination. Fabric
is fairly typical of relatively undeformed dolomite.
Figure 2. (right) Composite of 3 relatively undeformed dolomites
from Rutland and Clarendon, referred to one bedding plane.
Contours: 2 - 3%
Fedding
Figure 3. (left) Calcite fabric at thrust plane, Addison. Grains
measured are veinlet calcite. Arrows show movement on fault sur-
face. Cv: Axes of twinned grains. II, III, IV: statistical glide
planes whose poles are Tp III TP IV. G: glide lines.
Figure 4. (right) Dolomite from boudinage, Wallingford. Contours
of axes: 1-2-3-4-5 . b: fold axis. S: streaming. B(?): probable
position of boudin rupture line. x on sketch shows position of
sample in boudin.
Plate 16 Dolomite Grain Orientation
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pre-deformational. This includes the tendency for ac
girdles of dolomite axes and the 3% concentrations which
characterize the diagrams. Hereafter this fabric will be
referred to simply as "undeformed dolomite".
Small Scale Patterns: The dolomite fabric of
eleven samples was analyzed, including limestone from the
surface of a major thrust plane, dolomite from the surface
of boudinaged beds and dolomite and limestone from opposing
limbs of small folds (several feet or less wavelength).
Fabric coordinates are defined by megascopic structural
features such as bedding, fold axes and mineral lineation
or streaming. There is always some doubt about the local
movement pattern in deformed carbonate units because of
anomalous features. (See discussion under Major Structural
Features: "Rutland Syncline".)
(a) Fabric beneath a thrust fault: The Champlain
thrust extends roughly north-south along the east shore of
Lake Champlain (Cady, 1945, 'p. 565). Lower Cambrian dolomite
and quartzites are thrust westward along a subhorizontal
surface over Ordovician limestone and shale. Exposure is
excellent at several localities affording the opportunity for
sampling at the thrust contact. A single sample was analyzed
in this study from Snake Mountain in Addison (near locality
of Figure 1, plate 6 of Cady, 1945, facing p. 562) and con-
sists of shattered dark blue shaly limestone. Owing to the
m17
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greatly differing competency of the limestone beneath the
fault and the very thick quartzite above it (containing
undeformed cross-lamination) deformation of the limestone
is extreme; it is reduced to a pulp of limestone fragments
imbedded in graphitic phyllite. A faint grooving in the
overlying quartzite, and rare folds in the underlying lime-
stone indicate that movement along the sub-horizontal fault
is approximately east-west. The minor folds here parallel
b for they are subnormal to the grooving or slickensides.
The limestone is fractured with breaks spaced a
quarter to one inch; apparently fracturing of a limestone
with filling of the cracks with calcite was followed by
strong deforming movements. Both the fine-grained fragments
and coarse calcite veinlets show obvious effects of deforma-
tion. Now the inhomogeniety of this limestone may render it
unfit for fabric analysis of this type, which is based on the
assumption that strain has been homogeneous at least down to
the scale of a thin section. In spite of this a single sample
was obtained to explore the possibility of grain orientation
in the veinlet calcite reflecting fault movement. The texture
of the calcite grains in the fragments is too fine to permit
optical measurement.
Plate 16, Figure 3 summarizes the data obtained.
Calcite axes, poles to (el and lines (r:rj are recorded. 1
The method of measurement and identification of these elements
is given in the Appendix. Where appropriate, shorthand
terminology will be used in the following for faces, lines
and directions in the carbonate minerals; this also is found
in the Appendix.
A rather strong concentration of fabric elements is
apparent in the diagram (plate 16, Figure 3. Optic axes
occupy several positions either parallel to ac or inclined
at about 280. Poles to {e define glide planes intersection
approximately in b and glide directions fall on a (hO1) sur-
face with principal maximum near b. Assuming either twinning
or translation on je\ the direction sense of gliding in
completely inconsistent; and, referring to the position of the
fault and its associated movement, there is clearly no agree-
ment between either movement plane or direction of movement.
The direction of gliding in the veinlet calcite is apparently
subnormal to the direction of fault movement.
Of several possible explanations for this grain orien-
tation pattern, the following seems most probable: The latest
phase of deformation relating to faulting was fracturing and
inter-fragment rotation of the limestone. An analysis of the
fracture system on a sufficiently large scale would undoubtedly
provide a consistent picture of the movements relating to
faulting. In contrast to this, however, study of a small number
of the fractures (as the analysis made here) could hardly be
expected to yield a movement pattern at all consistent with
the overall one.
Although the results of this analysis have no direct
significance, they may have important bearing on the interpre-
tations to follow. The results reflect in one sense sampling
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inadequacy, which while clearly appreciated here may be
masked elsewhere. The process of late fracturing and
inter-fragment rotation might be generally important and
if so would weaken an interpretation based on an assumption
of homogeneous strain.
(b) Fabric in Boudinage: The Monkton Quartzite
south of Rutland consists of alternating thin beds of
dolomite and dolomitic sandstone. Relatively competent
beds have yielded to deformation by rupture, forming the
sausage-shaped cross-section typical of boudinage. (See
"Minor Structural Features".) The linear boudinage openings
are both parallel and subnormal to b in different parts of
the rocks. Fabric studies were made of the enclosing
relatively incompetent beds in the hope that these might
reflect the stretching or conversely, the flattening which
has occurred. Sections were cut as sketched in Plate 16,
Figure 4 from the central part of a boudin.
The texture of the dark dolomite studied is slightly
greater than that of undeformed dolomite. A very faint
dimensional orientation consists of grains elongate sub-
normal to the boudin rupture line. Cleavage traces cut a
few grains but lamellae are not apparent.
The dolomite axis orientation, Plate 16, Figure 4,
consists of several weak maxima located, near the c axis. In
the upper half of the diagram these maxima lie on a girdle
about the c axis inclined from it at about 250.
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(c) Orientation in Small Folds: Flexural folds
included within a hand specimen of outcrop permit a rather
accurate determination of relative movement. In spite of
the irregularity of pattern apparent in carbonate deformation
the direction of slip, a, can usually be determined closely.
This should locate the plane of maximum shearing strain and
fabric patterns in the sheared beds would be expected to bear
some relation to a.
Of four studies of folds, the results of two are given
in Plate 17, Figures 1 and 2. Fabric analysis was made from
each limb of the folds which range in wavelength from 3 inches
to 5 feet.
Compared with the undeformed dolomite, the eight samples
of dolomite and limestone have a weak preferred orientation.
The grains from folds are somewhat larger, gliding lamellae
occur in a small percentage of the grains with the majority
showing weak dimensional orientation. Axes concentration,
however, is about 4% (in one case 6%), a minor increase over
the undeformed samples.
Grain elongation is irregular. In three of the sections,
grains are elongate parallel to bedding, in three there is no
dimensional orientation, and in two grain orientation is 300
to 900 with the bedding.
Grain axes maxima for all of the six dolomite fold
limbs is summarized in Plate 17, Figure 3. These maxima
occupy a broad girdle with axis parallel to c.
Referred to a comnon
bedding surface
and fold axis.
Plate 17 Folded Limestone and Dolomite
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Lamellae {Je in calcite and 1fj in dolomite) are
rare in the folded beds. They occur 5 to 20% of the grains
which seldom have the orientation of the random grain maxima.
One or two lamellae may appear within a grain. In the rocks
containing lamellae their location and the appropriate gliding
direction were measured and summarized with the cy orientation
in Plate 17. The orientation of glide planes and lines is
typically very weak; this is summarized for the examples by
arrows whose position is determined by the statistical orien-
tation of axes and lamellae poles. The direction sense of the
arrowl is based on the assumption of twinning on the glide
planes; for translation on the same surfaces the direction
sense of the arrows is reversed.
1 If twins of dolomite are assumed to glide as shown in
Figure 12, as suggested by Fairbairn and Hawkes (1941)
(d) Large Scale Patterns: Twelve samples of dolomite
were studied from thin dolomite beds having wide distribution
within schists, quartzites and volcanics. Referring to Plate 1,
four of these samples were taken from the Tyson formation,
three from the Grahamville formation and five from the Forest-
dale member of the Mendon formation. The samples were selected
as widely apart as possible within a given dolomite formation.
Enclosing rocks show abundant folding, streaming, rotated
porphyroblasts and stretched pebbles.
The twelve dolomite samples are all relatively pure
and fine textured. Grain size averages 0.06 mm, an insigni-
ficant increase over the grain size of the "standards". Di-
mensional orientation of dolomite grains is negligible, or
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faintly parallel to bedding. The grains universally show
distint Y-fabric.
Random selection of dolomite grain axes gives weak
maxima which are neither symmetrical about fabric coordinates,
nor consistent within a given dolomite bed. 49 maxima repre-
sent the highest concentration of grain axes (this is about
the same as the undeformed dolomite fabric). Dolomite fabric
of a sample taken a few feet from deformed conglomerate is
given in Plate 18, Figure 1. This grain orientation is-quite
typical of the regional dolomites, and equally typical is
the contrast shown with the fabric of nearby quartz and mica.
(See fabric of stretched pebble, (Plate 15, Figure 10). The
bedding of both dolomite and conglomerate at this locality
have been strongly overturned and quartzite pebble axial
ratios range up to 10:2:1. Whereas pebble quartz is highly
oriented, dolomite is very weakly oriented.
In about half of the samples 10 to 20% of the grains
have lamellae parallel to ifj . The axes of the grains having
lamellae are highly oriented, but may or may not have the
same statistical orientation as random grains. The lamellae
themselves occupy three or four preferred positions as JhOl
surfaces at thigh angles to bedding. Glide directions in the
lamellae are scattered and rarely lie in the bedding (the slip
surface in the enclosing rocks) or even in the ac plane. In
a single sample shown in Plate 18, Figure 2 flattening may
have occurred normal to bedding. Elsewhere no combination of
Figure 1. Deformed dolomite near stretched conglomerate
(see Plate 15 Figure 10) Proctor. Contours to dolomite
axes; 1-2-3%. Shows attitude of small folds in enclos-
ing phyllite. Fabric typical of regional dolomite.
Mendon formation.
Figure 2. Dolomite f twin elements, deformed dolomite, Plymouth.
Roman numerals are statistical location of f twin planes,
with axes of twinned grains: CVI, CciI, etc. and glide lines
Gy, G11 , etc. Small arrows on glide planes give the move-
ment seise for dolomite twinning as suggested by Fairbairn
and Hawkes (1941). Large arrows give sense of flattening
based on glide plane movement. Small folds are shown as
in enclosing phyllite. Random grain axis concentration(not shown) reaches 4%.
Plate 18 Dolomite Grain Orientation
CI
/
Figure 3. Ideal dolomite grain orientation for shearig
parallel to bedding. It is assumed that dolomite
grains twin planes are aligned parallel to bedding
with gliding parallel to a in the sense suggested
for dolomite by Fairbairn and Hawkes (1941)
Figure 4. Ideal dolomite grain orientation for flattening
parallel to bedding. It is assumed that dolomite
twin planes are aligned in two planes surfaces making
angles of about 45 degrees with bedding. Greatest
elongation is parallel to a.
Plate 18 (cont) Dolomite Grain Orientation
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twinning and translation on the Ift lamellae provide a con-
sistent movement sense.
In about half the samples of mica, [o001 lies close
to c with a small amount of acattering in the ac plane (about
400 spread). Quartz in contrast to dolomite forms either
distinct ac girdles of axes, or in a single example, maxima
near b.
Inasmuch as the grain orientation of these regional
dolomites is scarcely more distinct than that of the unde-
formed dolomite, no further attention will be given them,
except to comment on the rather remarkable contrast between
this dolomite fabric and the high degree of orientation of
megascopic and microscopic elements in the surrounding rocks.
(e) Summary of Observed Fabric: In spite of a low
degree of preferred orientation in the carbonate rocks ex-
amined, several features may be characteristic:
1. Maxima of random dolomite grains lie in
wide bands or girdles about the c axis
and inclined to it at 300 to 50*~ (See
Plate 17, Figure 3, for example).
2. Axes of twinned and random grains rarely
coincide. The axes of twinned grains show
a relatively high degree of preferred
orientation in several maxima.
3. Deformation lamellae are present in a small
percentage of the deformed dolomites, as
approximately thOll surfaces. Glide lines
characteristically show poor orientation and
are rarely parallel to megascopic slip planes
in the rock.
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4. Textural differences between deformed
and undeformed dolomite (a distinction
made on the basis of field environment)
consist of slightly larger grains and
distinct Y-fabric in the deformed samples.
Experimental Work: Gliding Systems
Gliding systems, both assumed and based on experimen-
tal evidence are given in Table 2; gliding elements are shown
in Figure 12. Twin gliding in calcite on e is the best
known and most easily demonstrated of these systems. Bell
(unpublished work, M.I.T.) has described translation on the
same plane in calcite, but in the opposite direction sense.
Recent work on the Yule marble (see below) has emphasized
the importance of translation on e . Recently Robertson
of Harvard has described twinning parallel to the prism m
in calcite but with no further information on the gliding
system. From consideration of the atomic structure of calcite
and from analogy with dolomite, the importance of the base c
as a translation plane has been suggested (Knopf, 1949;
Buerger 1930).
The only experimentally produced gliding system
in dolomite is that described by Johnson(1902) in which the
base c is the glide plane. On the basis of crystal struc-
ture study and the relationship of dolomite with calcite in
deformed rocks, Fairbairn and Hawkes (1941) suggest that
the rhombohedron f acts as a twin plane with the
direction sense of movement away from cv. The differences
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in the gliding systems of dolomite and calcite are
apparently due to the lower symmetry of the dolomite,
caused by the reolacement in the dolomite structure
of every other calcium atom by a magnesium atom.
On the basis of fabric patterns in central Vermont,
Bain (1938) has concluded that the c-axis of calcite represents
Twin Gliding
plane direction'
[o1 {r:r1(toward
cv)
el
Translation Gliding
plane direction remarks--reference
Griggs, (1938); Migge (1898)
1r:r3 (away
from cv)?
Bell (unpublished work, M.I.T.)
and suggested by: Sander (1930)
Turner (1948, 1949)
Turner and Ch'ih,
(1951)
Knopf (1949)
Robertson (1951)
Suggested by Knopf, (1949) Buerger, (1930)
dolomite Lci L:) a) Johnson, A. (1902)
? (awa from
cV) ? Suggested by Fairbairn and Hawkes (1941)
Gliding Systems in Calcite and Dolomite--Experimental and Assumed
Table 2
calcite
Iml
{cI ?
{fi
I C
Dok-mte
Cc.ite'
Figure 12.. Gliding Elements in Calcite-Dolomite
Showing a single face and associated glide line, if known. See
Appendix for angular relationships.
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the "most compressible direction...and the most resistant
to solution effects" (p. 17). The source for this is not
given.
Marble has received unusual attention in experi-
mental studies of rock deformation, inasmuch as its behavior
is adaptable to the temperature, pressure and time limitations
of present day laboratory methods. Although calcite and
dolomite are somewhat unique among the common rock-forming
minerals in possessing abundant potential glide surfaces,
the results of their controlled deformation are undoubtedly
significant. These are summarized below without particular
reference to the individual experiments1 .
1
Adams and Bancroft (dry, cold deformation: 1917): Griggs,
(dry, cold deformation: 1936, 1939): Griggs (temperature,
pressure, C02 pressure: 1940); Larson and Bridgeman (dry,
cold, under shear: 1938); YULE Marble: pressure, tempera-
ture, dry: Knopf, (1943, 1946, 1949), Turner (1949), Turner
and Ch'ih (1950), Turner, Griggs and Ch'ih (1950), Turner
and Ch'ih (1951), Handin (1951), Griggs and Miller (1951),
and Griggs et al (1951).
1. Completely new fabric can be produced in marble
under compressive stress; the new fabric reflects the symmetry
of the stress system.
2. Dry, cold deformation in calcite marble may be
largely due to gliding on tel, combined with minor rotation
of the grains. Gliding on jel produces a dimensional
orientation.
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3. The pre-deformation fabric has a definite
effect on the strength of the rock and on the fabric
produced by deformation.
4. Typically, deformation of the marble is
homogeneous, with nearly all of the grains taking part in
the change in shape of the mass.
5. Depending on the pre-deformation grain orien-
tation, twinning or translation on lei may be more important.
Translation may be generally more important inasmuch as the
amount of strain undergone by many of the sample exceeds that
which can be assigned to twinning.
6. Increase in the temperature (to 200*C) appears
to have little effect on either the deformational fabric
produced or the amount of dry recrystallization.
7. The presence of H2003 has great effect both
on the strength of the marble and on the final deformational
pattern. Dry deformation produces intense twinning, bent
lamellae and broken grains. Deformation under 002 pressure
produces a fabric more closely resembling that of natural
rocks. This suggests the important conclusion that in
natural rock deformation, processes other than intra-grain
gliding are dominant.
Previous Work
Bain studied the fabric of dolomite and calcite
marble from quarries west of Rutland (1938). From field
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considerations the structural environment of these marbles
differs from the rocks analyzed here; this is expressed in
grain orientation by the much more distinct fabric described
by Bain. Bain f ound that both calcite and dolomite axes
lie on ac girdles with calcite (ei planes subparallel to
fold axial planes. Sander (1930) also reports this
orientation of calcite tel from a folded limestone. Bain's
explanation of the origin of the marble fabric is not clear
to the writer; he assumes two episodes of deformation and
implies a relationship between assumed directions of com-
pressibility and solubility in calcite and the local strain
patterns.
Hawkes made an exploratory analysis of calcite and
dolomite deformation from carbonate beds and greenstone to
the northwest of the Rutland area. (1940). Disgreement in
the matter of fabric axes prevents detailed comparison of his
and the writer's study of regional orientation patterns.
However, certain features are common:
1. Orientation of random dolomite axes
is weak.
2. Gliding elements are not abundant, but show
nevertheless strong preferred orientation
in several positions in a given sample.
In contrast to glide plane orientation here,
calcite and dolomite planes apparently lie
subparallel to the foliation in Hawkes'
analysis (idem, p. 157).
Hawkes made the important discovery that in rocks containing
both calcite and dolomite glide planes, these lie in nearly
the same slip surface, whereas corresponding grain axes of
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calcite and dolomite are normal to one another. In a later
paper (Fairbairn and Hawkes, 1941) this observation was
applied to a twin-glide hypothesis for dolomite (see Table 2).
Sander (1930, p. 202-205) has shown that grain
orientation in a limestone is undoubtedly related to the Jel
twin gliding system. Twin planes lie in the foliation and
a single axis maximum lying 260 from c defines glide lines
which parallel a. Based on Sander's observations, those of
Felkel (1929) and the results of the Yule marble studies,
in which grain orientation can be definitely related to
intra-grain gliding, both calcite axes and twin planes lie
subparallel to the foliation.
Comparable examples are known for dolomite where
gliding is parallel to Ift and apparently in the opposite
sense as that of calcite. Again generalizing for rocks
whose orientation appears to be due largely to mechanical
intra-grain gliding, dolomite axes tend to lie subnormal to
the foliation and IfI glide planes are at a large angle to
foliation.
Origin of Grain Orientation
Certain general features must be explained in the
origin of the carbonate grain orientation of this study:
1. The importance of intra-grain gliding in
the production of the fabric patterns.
2. The determination of the gliding systems
which might have been active.
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The relative weakness of grain orientation
in the carbonate rocks compared with the
strong preferred orientation of quartz and
mica in enclosing argillaceous and arena-
ceous beds.
In an attempt first to explain fabric patterns by
intra-grain gliding reference is made to patterns obtained
through experimental deformation of marble. (Turner and
Ch'ih, 1951, for example). Clearly the abundant megascopic
strain effect and the distinct preferred orientation of
fabric elements of the test samples are not present in the
natural specimens from Rutland. Admittedly, the labora-
tory conditions of dry compression may not reflect the
environment in which deformation occurred here. Data re-
garding deformation in the presence of solutions (a more
likely natural situation) are unfortunately lacking at
present.
In the samples having le' or {fl lamellae, the
grains which have undergone gliding rarely have the same
statistical position as the random grains, yet in a few
such cases the direction sense of the gliding (based on
data given in Table 2) is in agreement with the megascopic
movement pattern. The conclusion seems unavoidable that
gliding has played a minor role, or at least the patterns
which it might have produced have been nearly erased in the
development of the grain orientation in the majority of the
rocks.
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In a few of the small scale patterns described
earlier, gliding may have been important. In the sample
from the surface of a boudin, dolomite axes lie on incomplete
girdles about c and inclined to c at 200 to 300. In Plate
18, Figure 4, an ideal situation is sketched in which dolomite
grains are aligned in response to flattening parallel to c.
Assuming the gliding on f in the direction shown (suggested
by Fairbairn and Hawkes, 1941), corresponding grain axes lie
in two maxima in the ac plane inclined about 200 to c. This
ideal arrangsement assumes statistical glide planes at about
450 to the bedding (ab) and elongation parallel to a. If
elongation is not restricted to the a direction grain axes
undergoing twinning would fall on a girdle about c. Comparing
Plate 16, Figure 4 (actual) with Plate 18 Figure 4 (ideal)
there is obvious similarity. The dolomite orientation in the
boudinage then may be largely due to twin gliding on jf.
Regarding the folds, Plate 17 Figures 1 and 2, an
obvious feature is the similar relationship of the fabric
patterns to bedding regardless of location on the fold. This
immediately suggests that the fabric patterns were produced
prior to the folding and retained in spite of the folding.
The calcite twins present in the one specimen of limestone
(Figure 1, right) have no obvious relationship to the present
fold. The position of calcite grain axes at about 600 to the
bedding suggests that the pre-folding fabric may have originated
by twinning on lel with twin planes approximately parallel to
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the bedding. Presumably the actual twins have been erased
through recrystallization. The pre-folding fabric of the
dolomite fold (Fig'ure 2, Plate 17) has no obvious origin
by gliding, although the few {f lamellae now present
reflect to some degree flexural folding movements. It is
significant that the axes of the twinned grains in the
folded dolomite do not have the same orientation as the random
axes maxima shown. Finally referring to the summary diagram
of dolomite orientation of all the folded samples (Plate 17,
Figure 3) the diffuse nature of the pattern appears to pre-
clude a pure glide hypothesis for its development. It is
of interest to compare this summary diagram with another ideal
fabric (Plate 18, Figure 3). In this ideal situation, it is
assumed that dolomite grains have aligned themselves in
response to shearing on a single surface, the ab or bedding
plane. Assumin' twinning on tfl in the sense adopted here,
corresponding grain axes would fall on a single maxima
inclined at about 30* to the bedding. If again gliding is
not restricted to the a direction, grain axes might be
scattered in an incomplete girdle through c. There is some
correspondence between the summary diagram and this ideal
fabric, but lacking stronger grain orientation in the folded
samples, further speculation is fruitless.
Therie remains the most perplexing problem of all,
namely, the contrast in grain orientation between the deformed
carbonates and the enclosing shistose rocks. Attention was
drawn earlier to the remarkable contrast in the case of
dolomite taken a few feet from stretched conglomerate.
The latter has quartz axis orientation which is nearly the
highest recorded, the dolomite orientation in the former
compares favorably with that of the undeformed samples. It
is inconceivable that the thin bed of dolomite within quartz-
rich grits could have escaped the deformation so apparent
nearby. The only obvious explanations for this great contrast
(which is nearly as pronounced throughout the area) are:
1. That the fabric elements measured in an
attempt to define grain orientation are
not significant. Cv is usually the only
element available, and this, of course,
does not completely determine grain
orientation.
2. That processes have been active during
deformation whose end result is not a
dimensional or lattice orientation of
rock grains. These processes, in the
same manner as the mechanical gliding
hypotheses commonly used, permit a
profound change in shape to occur in
a rock while retaining its coherence.
Lacking X-ray data on the deformed carbonate rocks
of this study no further comment appears appropriate on (1).
Regarding (2) one might suspect such Processes as "Riecke's
Principle" involving change of shape by simultaneous solution
and precipitation within a stressed mass. Sadly enough this
aspect of deformation has attracted little interest as yet
among laboratory investigators. Little data is available as
to dimensional or lattice orientation produced by load re-
crystallization. Griggs' studies of gypsum (1940) show that
neither dimensional nor lattice orientation changes are
I 142.
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produced by deformation where load recrystallization is
presumably operative. Some such process may indeed have
been of prime significance during the deformation here1 .
1 Judging from Fairbairn's work (1950) synthetic quartzite
can only be produced in the presence of alkaline solutions,
suggesting that processes of solution-redeposition are
important. If this is indeed the case here, that both
quartz-and dolomite-bearing rocks have acquired their present
fabric through such processes, then these processes must in-
deed produce strikingly different effects for the two minerals.
Earlier, the fabric of the quartz pebbles was explained by
mechanical processes, simply because the existing patterns
could be readily interpreted on the basis of a currently
favored hypothetical translation system.
The following features of carbonate deformation may
be summarized:
1. Compared to undeformed dolomite, slight changes
in grain size, dimensional and lattice orientation characterize
the fabric of rocks which, judging from megascopic features,
have undergone great change in shape during deformation.
2. The clearest orientation patterns are found
in small folds and boudinage. The folding in the cases
examined apparently occurred after the dolomite had developed
grain orientation. Twin gliding on two slip surfaces in
boudinaged dolomite supports the assumption that boudinage is
a stretching phenomenon. Due to the poor orientation of the
fabric elements measured, no regional trends could be detected
in samples from widely distributed thin carbonate beds.
3. Those gliding systems which have been operative
are: calcite (el twins and dolomite Ifj twins, with movement
on the twin plane in dolomite in the sense predicted by
Fairbairn and Hawkes. (1941).
4. Inhomogeneous strain, in the form of frag-
mentation and inter-fragment rotation, is reflected in a
few cases by brecciated texture. Thin section analysis of
the fabric of these samples does not yield a movement pattern
consistent with megaacooic features.
5. Mechanicalintra-grain movements leading to
preferred grain orientation appear to have been of little
importance during the deformation. It is suggested tentatively
that processes akin to "Riecke's Principle" have been the
dominant means of adjustment to deformation.
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Summary of the Deformation
Flexural folding appears to have been the principle
mechanism by which the rocks of the Rutland area acquired
their present arrangement. The rock units are layered, and
bedding planes are the principal slip surfaces. In a broad
sense, the movements which have occurred during flexural
folding are probably due to a couple acting in a vertical
plane with eastern rocks moving westward over western rocks.
This movement sense is reflected in the regional westward
overturn of fold axial planes, the major movement on thrust
planes, and the geometry of bending near the margins of the
Pre-Cambrian basement complex.
Divergence from this simple pattern of folding
reflects local inhomogenieties in the rocks involved. Quartzite
and other resistant units in the basement have locally altered
the normal trends toward trends sub-parallel to those of the
basement. And difference in physical properties of-the younger
units themselves have been important. Thus thrust faults appear
beneath thick quartzites and grits which have been thrust over
phyllites and carbonate rocks. Directions of fold plunge and
the trends of folds are locally irregular (as on the west limb
of the anticlinorium) due without doubt to strong anisotropism
within the folded sequences. This is particularly evident on
the drag limbs of large folds where overall rotation of the
layers has been greatest: folds formed early have, through over
continued movement, been rotated irregularly out of parallelism
with regional trends.
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On a smaller scale the processes perhaps most im-
portant in permitting the change of shape demanded by major
flexural folding are: (a) shearing, or differential move-
ment parallel to a single set of slip planes, (b) flattening,
or slip on two or more sets of slip planes symmetrical about
the bedding, and (c) recrystallization, or those processes
which involve grain growth, differential solubility of minerals,
etc.
Shearing is evident from folds, rolled porphyroblasts,
streaming and from patterns obtained in deformed carbonate
beds. Flexural folding of layered units necessarily demands
slippage of beds past one another in a direction approximately
normal to fold axes. Even where folds are not immediately
apparent, shear is suggested by features in the bedding sur-
faces (or foliation). Streaming consists of fragmented
minerals strewn out in the foliation subnormal to fold axes,
and small-scale slickensiding or grooving comparable to larger
scale fault features. Rolled porphyroblasts offer incontro-
vertible evidence of shearing. Finally, shearing in a single
set of slip surface is suggested by preferred orientation of
calcite grains in folded limestone.
Flattening may have produced boudinage, stretched
pebbles and some of the grain orientation patterns in dolomite
beds. Boudinage structure reflects stretching parallel to
bedding or, conversely, flattening normal to bedding. Fabric
studies of boudinaged dolomite support this assumption. From
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field studies of stretched conglomerate, present pebble shape
seems largely due to flattening rather than shearing of
original nearly spherical shapes on a single set of slip
surfaces. The orientation of quartz lamellae and grain
axes in two sets of surfaces symmetrical with bedding lends
additional support to this hypothesis. Rare porphyroblasts
show flattening by pressure shadows of quartz which are
symmetrical (here about a mirror plane) with bedding. Finally,
the orientation of twin elements in deformed dolomite beds
suggests in a few cases flattening parallel to bedding.
Recrystallization can hardly be evaluated at present
inasmuch as little comparison is possible with experimental
rock deformation. Nevertheless recrystallization under stress
has been tentatively suggested to exolain orientation Patterns
of mica and carbonate minerals.
Shearing, flattening and recrystallization have been
operative simultaneously, in the same sense that metamorphism
and deformation apparently occurred during a single episode.
The importance of any one of the three processes must depend
largely on the material involved, inasmuch as all three probably
occurred while the rocks were under elevated pressure, tempera-
ture and shearing stress. Shearing and flattening were
probably enhanced by material capable of interlaminar slip
and intra-grain gliding, recrystallization by the presence
of solutions within rocks in which distinct solubility dif-
ferences existed in the minerals. Shearing appears to have
148.
been important for thinly laminated or micaceous rocks,
flattening for massive materials with greater resistance
to slip parallel to bedding. Hence in a manner that depends
on physical-chemical differences of materials, at least
three distinct processes have contributed to an overall
pattern of flexural folding, itself responsible for
structural features ranging in scale from delicate crinkles
to a major anticlinorium.
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SUGGESTIONS FOR FURTHER WORK
Several aspects of this study are exploratory in
nature, are obviously unfinished and represent only a start-
ing point for more comprehensive analysis. Interpretation
of basement structure and stratigraphy is based on cursory
examination of extremely complex terrain. Evaluation of
the interpretations offered here must be made in adjoining
areas, and the possibility of correlation with Granville
metamorphics in the Adirondacks thoroughly investigated.
A second exploratory aspect of this work is grain orien-
tation analysis. A regional study of quartz orientation
would be of value, also a search for more useful examples
of dolomite and limestone deformation. Deformed fossils are
well known in Vermont and offer an intriguing and untouched
field of fabric study.
Conglomerate beds and boudinage offer excellent
op;,ortunity for the evaluation of relative plasticity in
terms of texture and mineral content of pebble or stretched
bed. Thompson (1950) made some use of these features, but
this again is a very valuable and untapped source of data.
Quantification of both flattening and shear are
o)ossible by the use of stretched pebbles, deformed fossils,
boudinage and rolled porphyroblasts. Few workers in Vermont
have as yet attempted this.
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The most obvious need today in structural geology
is for experimental data on rock deformation. We know very
little of the processes which contribute to permanent change
in shape of rocks. The data presently being gathered is of
limited value inasmuch as deformation is being carried on
under conditions of limited application in nature; the
products of many of these tests doubtless bear little re-
semblance to natural rock fabric. Data is needed not only
on mechanical glide systems in minerals, but also on de-
formation involving recrystallization. At present there
is little to limit the imagination of the structural geolo-
gist in the interpretation of rock fabric.
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APPENDIX
Petrofabric Analysis
The method followed in petrofabric analysis is
described by Fairbairn (1949, p. 241-292) and summarized
here.
Thin sections were made by the writer from specimens
orientated in the field. In general these sections were
made as large as possible (up to an inch square) to permit a
large field for random sampling of grains. Sections of
quartzite were often left unusually thick(30 to 50 microns)
to permit the recognition and measurement of deformation
lamellae. Sections of carbonates and of micaceous rocks cut
parallel to foliation were ground to less than normal thickness
(15 to 30 microns) as the rocks were usually fine grained, and
optical measurement was thereby facilitated in these highly
birefringent materials.
A four-axis universal stage, equipped with thin section
guide was used in the optical measurements. The guide , a mini-
ature carpenter's square, permitted scanning the thin section
in a com)letely random fashion with grains selected for measure-
ment which fell on the points of a 1 millimeter grid. This
scanning procedure was followed throughout; in the case of
small sections, or to speed the counting more than one grain
was counted at each point on the grid.
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Optic axes, poles to surfaces in the grains or
the azimuth of the optic plane (in the case of mica) were
plotted, directly following measurement, on an equal area
Schmidt net. To correct for the angle of tilt of the stage
(when using hemispheres and mineral of different index of
refraction) a corrected scale was incoroorated in the net
and plotting again made directly after measurement. Plotting
in all cases was referred to the lower hemisphere of the
projection.
The number of grains counted depended mainly on the
degree of orientation which appeared as measurement proceeded.
Highly orientated rocks could be described with measurement
of 150 grains or less; the more common weak fabric required
up to 300 grains for definition.
Scatter diagrams were contoured by the use of 1
percent counters moved across the diagram at the points of a
1 centimeter grid. The counter was often moved independently
of the grid to more accurately outline the areas of high con-
centration of points. Any necessary rotation of diagrams was
done at this Doint, moving areas or concentration rather than
the points.
Mica. orientation
About 15 sections were prepared for the measurement
of the orientation of white mica. These were cut parallel
to foliation and were made as thin as possible to overcome
the effect of overlapping of small grains. As the platey mica
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grains seldom deviated more than 10 to 15 degrees from
parallelism with the foliation, and hence the plane of the
thin section, they were nssumed to lie in the same plane and
only azimuthal measurements were made of optic directions.
Since orientation was generally found to be nearly perfect
within a difference of azimuth of 20 to 30 degrees, only
one or two density diagrams were prepared of [1001, which
in all cases was assumed to be normal to the optic plane
of the mica. In the few cases in which supplementary thin
sections were available, cut normal to foliation, the devia-
tion from parallelism of the mica could be examined. Again
few accurate hemispherical plots were made as such informa-
tion appeared to be of no significance in the investigation.
In order to scan quickly the orientation of L100]
in the foliation surfaces a crude method was developed re-
quiring no thin section. "Scotch tape" was pressed on the
surface of an untouched fresh foliation surface. A smoothly
pointed object was passed over the surface of the type to
loosen mica flakes beneath. Aas the "Scotch Tape" is not
isotropic a second piece is placed above the first at
exactly right angles to it; this was apparently sufficient
to provide an isotropic medium. The tape, with adhering
mica is next laid on a glass slide beneath a cover glass
and immersed in glycol. Usually one or two hundred grains
will then be available for examination. Surface and thick-
ness irregularities in the tape somewhat balance the extreme
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convenience of this method in the examination of fine grained
micaceous rocks.
A Berek comoensator was used throughout in the deter-
mination of the fast and slow directions, and hence the position
of the optic plane, normal to the basal plane of the mica.
The determination of the direction 1100] in the
foliation surfaces by the use of an X-ray spectrometer was
the work of Mr. Terence Podolsky under the direction of
Professor Harold W. Fairbairn. The methods and equipment
used are the subject of a forthcoming paper by Podolsky and
are not discussed here.
Density plots of azimuthal measurements are given for
L100 of mica. These were prepared using a counter shaped to
include 1% of the circumference of the diagram, or 3.6 degrees.
(Fairbairn, 1949, p. 290).
Limestone and Dolomite Fabric
Before examining the fabric of the carbonate rocks
a simple staining procedure was used to differentiate calcite
from dolomite. The method used is essentially that given by
Rodgers (1940). Rock slices, a by-product of thin sectioning,
were always stained; if both calcite and dolomite are found to
be present in the slice, the thin section was stained.
Inasmuch as certain planes within carbonate crystals
are known from experimental work to be potential surfaces of
gliding, these were whenever possible identified and recorded.
The important planes and lines in limestone and dolomite are
given in an accompanying figure based on the data from Palache,
Berman and Frondel (1951). In the preceding text the shorthand
nomenclature is used for these elements. It should be noted
in this regard that the form nomenclature ( c , e , r ,
etc.) in common use for calcite (see for example Fairbairn
1949, p. 24 and Turner 1949) is apparently incorrect (Palache,
et al, p. 143). This commonly used nomenclature is correct
for dolomite (op. cit. p. 209). However, in view of its wide
usage, and therefore familiarity to structural geologists,
it is retained here. The correct nomenclature together with
that used is given.
In the course of universal stage examination of rocks
with obvious gliding traces such as lamellae, traces of glide
surfaces, offset grains, etc., the identity of the glide planes
is made by measurement of the angular relation between the glide
surface and CV or cleavage r . In order to utilize available
correction tables for tilt when index of refraction of grain
differs from that of hemisphere (Fairbairn, 1949, p. 269)
identified tel in calcite and (f) in dolomite are placed parallel
to N-S and E-W cross-hairs of the microscope respectively. As
no other oblique elements such as rhombohedral faces {ri were
recorded additional correction tables were not required.
The location of glide lines (G) in the glide planes
of calcite and dolomite was determined as follows: the optic
axis and pole to glide plane were first located. As these two
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CALCITE
Planes: (customary nomenclature in parentheses)
p (r):--
m (m):--
{101)
ooo01)
{1012 4
110101
Lines:
CV: -- [0001)
G:-- [r:r],
pAp:- 750
p A c:- 44bh
pAS:- 380
SAc:- 26b0
S A S:- 430
[oLil 1 for example
DOLOMITE
Plenes:
r:-- 10ill
c: -- 10001t
f:-- t02,211
Lines:
CV:-L [00011
f^c:- 62b.0
fA f:- 1000
r A r:- 740
for example
(After Palache,
Berman and Frondel,
1951, p. 143, 209)
Crystallographic Elements in Calcite-Dolomite,
shown in lower Hemisphere of Stereographic
Projectior
[04-411
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lines define a plane containing the glide direction, they were
placed on a common great circle of the diagram following
plotting. After checking the angular relationship between
C. and the pole to the glide plane in order to identify the
glide plane, the glide direction was placed on the great
circle at 90* to Cy. As several sets of glide planes were
often apparent in the fabric of the rocks, it was found
necessary to establish for each glide plane and line the
direction of movement. A small portion of the gline plane
was sketched on the diagram with arrows in a direction
appropriate for twinning or translation.
Roman Numeral Nomenclature for Location of
Common Quartz Maxima.
(after Fairbairn, 1949, p. 11)
Lower hemisphere projection of equal area net. a, b and
Q are axes of rectangular strain coordinate
system.
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